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The morning after 


President Barack Obama’s stance on an emergency contraceptive betrays his promised principles of 
scientific integrity and sets a troubling precedent for political interference in ‘inconvenient’ science. 


Barack Obama gathered scientists in the grand East Room of 

the White House to promise that things would be different on 
his watch. The president was there to sign a new memo on scientific 
integrity that directed agency heads not to meddle in the decisions 
of their scientific staff. 

In his speech, Obama pledged that his ambition was “about letting 
scientists like those here today do their jobs, free from manipulation 
or coercion, and listening to what they tell us, even when it’s incon- 
venient — especially when it’s inconvenient”. 

Yet events earlier this month saw Obama demonstrate a blatant 
betrayal of these principles, when he defended a decision by Kathleen 
Sebelius, US secretary of health and human services, to override a 
drug approval by the Food and Drug Administration (FDA). 

Scientific staff at the drug-regulatory agency, including paediatri- 
cians, obstetricians and gynaecologists, reached a key determina- 
tion earlier this year involving Plan B One-Step (levonorgestrel), a 
single-dose ‘morning-after’ contraceptive pill. They concluded that 
it is safe and effective for girls younger than 17 years of age without 
the currently required prescription — and that these girls could use 
it correctly without a physician's help. (Older women can already 
get the contraceptive over the counter.) The FDA experts came to 
their decision after conducting the usual extensive review, includ- 
ing a comprehensive survey of the literature and data from the pill’s 
manufacturer, Teva, headquartered in Petah Tikva, Israel. These data 
included age-specific studies designed specifically to address the 
agency’s standards for non-prescription drugs. The scientific staff 
concluded that, as FDA commissioner Margaret Hamburg put it 
earlier this month: “There is adequate and reasonable, well-sup- 
ported, and science-based evidence that Plan B One-Step is safe 
and effective and should be approved for nonprescription use for all 
females of child-bearing potential” 

So much for science. One day after Sebelius announced that she 
was overruling the agency and denying over-the-counter access to 
the morning-after pill to females under 17, Obama, questioned by 
a reporter, said that he agreed with her decision, and added that, “as 
the father of two daughters” he lauded the application of “common 
sense”. 

He said: “The reason Kathleen made this decision was she could 
not be confident that a 10-year-old or an 11-year-old go into a drug- 
store, should be able — alongside bubble gum or batteries — be able 
to buy a medication that potentially, if not used properly, could end 
up having an adverse effect. And I think most parents would prob- 
ably feel the same way.’ 

Where to start? Never mind that the most powerful man in the 
world didn't bother to get the basic facts right: the contraceptive, 
even for non-prescription use, is stored behind the pharmacy 
counter and not “beside bubble gum and batteries”. And never 


E the opening months of his administration, US President 


mind the throwback paternalism implied by elevating his own 
opinion as “the father of two daughters”. What is most infuriat- 
ing about Obama’ response is the casual jettisoning of careful and 

convincing evidence on this contraceptive’s 


“What is most safety and effectiveness, even for young 
infuriating adolescents, and their ability to comprehend 
is the casual the labelling. (It essentially says: “Take this 
jettisoning one pill, now.”) With it went his own prom- 
of careful ise to the thousands of scientists whose 
evidence onthis hard work and science he had pledged to 
contraceptive ’s respect, “especially when it’s inconvenient”. 
safety.” It certainly is inconvenient, on the cusp of 


an election year, in what is at heart a deeply 
conservative country, to acknowledge that young adolescents can 
and do have sex, and that they may not have thought out the poten- 
tial consequences in advance. So inconvenient, apparently, that the 
work of the scientists, who spent long hours weighing risks and 
benefits for the public good, must be thrown under a bus. 

Most troubling of all is that Obama has set a precedent for over- 
riding science. Sebelius’s trampling of a drug decision by the FDA is 
the first in living memory. If it is acceptable for her to override the 
agency for this year’s reasons of political convenience — or, for that 
matter, for reasons of heartfelt belief — what politically loaded drugs 
will next come under the axe? 

If there is a silver lining here, it is that some agencies seem to be 
listening to what the president says rather than following what he 
does. Several are working hard to put in place the integrity policies 
he mandated nearly three years ago (see page 425). The Department 
of Health and Human Services has not revealed where it stands on 
crafting such a policy of its own. m 


Defend the Amazon 


Brazilian lawmakers should not weaken their 
stance on deforestation to appease landowners. 


to prevent deforestation and the desire to clear the trees for agri- 

culture. It says much about this tension that spikes in forest loss in 
Brazil earlier this year have been attributed to nothing more tangible 
than a perceived shift in where the country’s politicians intend to draw 
the line between the two. After five years of stunning success in com- 
bating deforestation, the Brazilian authorities had started to ponder 
how to respond to the growing clamour from landowners and farmers 


lE the Amazon rainforest, there is a fine balance between efforts 
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in the region who were being prevented from clearing land to cash in 
on record prices for commodities such as soya and beef. That sense of 
a weakening political resolve to protect the rainforest was enough of 
an incentive for some to begin clearing it again. 

Those wielding the chainsaws and driving the bulldozers may have 
judged the climate correctly: lobbying and political discussions have 
ultimately produced a controversial bill to change how the Ama- 
zon is protected in Brazil. Final voting on amendments to the forest 
code was due in the Brazilian parliament this month, but has been 
postponed until March. Supporters and critics of the legislation are 
gearing up for a final push, and both sides are putting pressure on 
President Dilma Rousseff, who has the power to veto sections of the 
bill, or the bill itself. 

The proposed forest code would update regulations dating back 
to 1965 on how private landowners must preserve native forest. 
Under the existing rules, they must maintain forest on 80% of their 
land, and those who have cleared illegally must restore to that level. 
The proposed change would remove the 80% obligation from small 
landowners, and grant an effective amnesty to those who illegally 
deforested their land before 2008, removing the threat of legal sanc- 
tions and fines for those who agree to reforest. 

The government has said that the legislation improved as it moved 
through the Senate, but there are certainly problems remaining with 
the proposals. The bill undermines the old code’s base in ecology, in 
that it would loosen restrictions on cutting trees in areas around rivers 
and on steep hills — rules that are intended to protect river health and 
prevent soil that is normally protected by vegetation being washed into 
waterways. This is just bad policy. 

Through its exemption for small landowners, the revised code will 
legalize massive new destruction of forest — about 220,000 square 


kilometres according to an analysis from researchers at the Univer- 
sity of Sao Paulo — and there is reason for concern that the amnesty 
being granted could encourage further illegal deforestation, by giving 
landowners the impression that the government doesn’t have what 
it takes to truly enforce the law. Furthermore, the requirements for 
reforestation by landowners who have broken the law are too weak. 

Scientists and environmentalists should con- 


“The proposed tinue to press for changes to the legislation in 
new forest these and other areas. But they should also 
code grants acknowledge that there are problems with 
an effective the existing system — notably, that those 
amnesty tothose landowners who have abided by the law have 
whoillegally done so without reward, despite the prom- 
deforested their ise of carbon payments down the road in 
land before exchange for the protection and stewardship 
2008.” of standing forest. 


The Brazilian government maintains that 
it will meet its pledge to reduce deforestation by 80% by 2020, which 
was set by former president Luiz Inacio Lula da Silva at the Copenha- 
gen climate conference in 2009, and that it is on target to do so. 

Deforestation currently accounts for about 15% of global green- 
house-gas emissions, and some 75% of Brazil’s. Meeting the pledge 
would be a massive achievement, and one that would allow Brazil 
to claim a place at the front of the global pack in terms of reducing 
carbon emissions and protecting biodiversity. But the government 
cannot get there on its own. It needs its policy to have broad support, 
or at least command respect, from people on the ground on all sides 
of the debate. And in this sense, the real danger isn’t the new forest 
bill itself, but the sentiment of relaxed protection for the Amazon that 
seems to be behind it. = 


Ten for 2011 


As the year ends, Nature highlights individuals 
who rose to prominence — or fell from grace. 


of the major events that had an impact on science this year. 
Revolutionary. Whistle-blower. Mechanic. Crook. These are 
just a few of the people who had central roles in those events. 

Behind every twist and turn in science is a person — perhaps bril- 
liant, selfless and inspirational, or fickle, ambitious and egotistical. 
Each has their own story to tell. Collectively, those stories are woven 
into the fascinating fabric of scientific research that this publication 
probes and reports. So in this issue, our last in 2011, Nature has chosen 
to tell the stories of ten people who made a major difference to our — 
and, we hope, your — world this year (see page 437). 

They have varied tales. Some demonstrate the sheer excitement of 
discovery: John Rogers, whose work is making electronics into wear- 
able accessories, and Dario Autiero, whose team’s claim that neutrinos 
can travel faster than light will be remembered for its glorious stretch- 
ing of the imagination, even if the result doesnt ultimately hold up. 
And although the existence of the Higgs boson hangs in statistical 
limbo, the sheer buzz of its (near) discovery is enough for us to recog- 
nize Mike Lamont — the engineer who, perhaps more than anyone 
else, has kept particles whizzing around the Large Hadron Collider, 
and data churning out. 

The role of hero is taken by Essam Sharaf, the engineer who tem- 
porarily took charge of the government in Egypt, whereas the villain 
is Diederik Stapel, a psychologist who perpetrated scientific fraud on 
a breathtaking scale — and in doing so underlined the difficulty of 
identifying wrongdoing in research. To represent those who stood by 


Retisn Tragedy. Breakthrough. Crime. These are just a few 
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science, we chose Lisa Jackson, whose efforts to promote evidence- 
based environmental regulation as head of the US Environmental Pro- 
tection Agency have met with hostility in the nation’s Republican-led 
Congress. 

There are challengers: Tatsuhiko Kodama, who damned the Japa- 
nese government's studies of the radioactive fallout from the Fukushima 
nuclear disaster, and Rosie Redfield, who is using her blog to document 
her own attempts to replicate contentious claims about ‘arsenic-based 
life. And then there are those who are facing challenges of the future: 
Sara Seager, who, in a year punctuated by discoveries of distant exo- 
planets, is designing instruments to identify Earth-like worlds closer to 
our Solar System; and Danica May Camacho, one of the babies chosen 
to represent the world’s population reaching a staggering 7 billion, and 
to raise awareness of the challenges to survival and sustainability that 
this milestone poses. 

We can't pretend to have identified the only science newsmak- 
ers of this year, or even the most important. Nature, after all, is 
staffed by people with passions and foibles, and the selections 
reflect their subjective take on events. How did we decide on the 
final ten? We asked for suggestions from editors who deal with 
research manuscripts, as well as reporters and editors who put 
together Nature’s News and Comment sections. We made long 
lists and short lists. We made them again. We argued in meet- 
ings. We discarded some obvious candidates and replaced them 
with figures whose stories had not been so widely told. We made a 
last-minute substitution two days before the section went to press. 

Whatever you think of our ten, we hope that their stories pro- 
voke, remind, inspire and entertain. We also welcome feedback: 
we invite readers to nominate their own newsmakers of the year, 
and to vote in our online poll (go.nature. 
com/1w1xtk). We hope to repeat this exercise 
in years to come, and are already looking for- 
ward to the characters that we — and you — 
will meet in 2012. 
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detectors ATLAS and the Compact Muon Solenoid have discov- 

ered a Higgs boson, with a mass of about 125 gigaelectronvolts 
(GeV). Although standard statistical measures might not consider 
the situation settled, it seems very likely that there has indeed been a 
discovery at CERN, Europe’s high-energy physics lab near Geneva, 
Switzerland, given that two quite different detectors both see a signal 
of some significance at about the same mass, and that both see the 
expected signals in two or more channels. 

This is a profound turning point in the quest fora fundamental unified 
theory of the physical world. The properties and mass of the LHC’s 
Higgs boson suggest that physicists will soon find superpartners for par- 
ticles, and that we have begun to connect string theory to the real world. 

The Higgs boson, an as-yet-unknown kind of 
matter thought to generate mass in other parti- 
cles, is the final ingredient needed to complete 
and confirm the standard model of particle phys- 
ics. This amazing theory describes the particles 
(quarks and leptons) and the strong, weak and 
electromagnetic forces that interact to make our 
world (with the addition of the theory of gravity). 
Quarks combine to make protons and neutrons; 
protons and neutrons to make nuclei; nuclei and 
electrons (a type of lepton) to make atoms, then 
molecules and chocolate and people and planets 
and stars and so on. The standard model has no 
puzzles or problems, and incorporates at a funda- 
mental level everything from condensed-matter 
physics to astrophysics. It achieves the goals of 
four centuries of physics. The Higgs itself has 
been sought for decades: the main route through 
which its signal was reported at the LHC was the particle's decay into 
two photons. Collaborators and I first studied this signal in the mid 
1980s, as a possible method for detecting the Higgs boson at the Super- 
conducting Super Collider, which was to be built at Waxahachie in 
Texas but was cancelled in 1993. 

Besides completing the standard model, the discovery of the Higgs 
tells us that a future, deeper underlying theory of the law(s) of nature 
must include and account for fundamental Higgs bosons. (Physicists 
have suggested alternative theories that include oddities such as com- 
posite Higgs bosons, but the CERN discovery essentially excludes 
them.) That will extend the standard model, and go beyond it to illumi- 
nate issues such as supersymmetry and the origin of dark matter. 

A major and unexpected clue to the future offered by the CERN 
discovery is that the reported Higgs boson 


L* tentatively agree that the Large Hadron Collider (LHC) 


signal seems to behave as if it were a ‘standard- DNATURE.COM 
model Higgs boson. Under the standard model, _ Discuss this article 
this should not be possible, because relativistic _ online at: 
quantum field theory shows that the Higgs’ mass _go.itattire.com/dyxd9g 


THE PROPERTIES AND 
MASS OF THE 


HIGGS BOSON 
STRONGLY SUGGEST 
THAT WE HAVE BEGUN 
TO CONNECT STRING 
THEORY TO THE 


REAL WORLD. 


Particle physics 1s at a 
turning point 


The discovery of the Higgs boson will complete the standard model — but it 
could also point the way to a deeper understanding, says Gordon Kane. 


must experience quantum corrections that are much, much larger than 
the mass itself. Because the masses of quarks, leptons and the W and 
Z bosons that mediate the weak force are themselves dependent on 
the Higgs mass, the standard model predicts masses for them many 
orders of magnitude larger than what we observe. 

This can be fixed. When the standard model is extended to a super- 
symmetric theory, the nature of the predicted Higgs boson changes. Its 
mathematical behaviour improves and the resulting theory is realistic. 

Physicists thought that a Higgs boson, when discovered, would take 
this supersymmetric form, so how have we discovered one so apparently 
identical to the impossible standard-model version? Working out how 
to interpret this could be a large step towards the underlying broader 
theory that will extend the standard model. 

One explanation could come from an unex- 
pected source: string theory or its extension, 
M-theory. Contrary to what you may have heard, 
predictions about the real world can be made from 
string theory, although the 10- or 11-dimensional 
theory must first be ‘compactified to 4 dimensions 
(with 6 or 7 small dimensions left curled up). 
There has been considerable progress on that, as 
well as on how to stabilize the fields that describe 
the curled-up dimensions. 

My collaborators and I have shown that in 
generic string and M-theories — consistent with 
constraints from cosmology and incorporating 
the Higgs mechanism for generating mass — the 
lightest Higgs boson behaves very much like the 
standard-model Higgs boson. And it has a mass 
of about 125 GeV, just as observed. 

We first reported these results at the inter- 
national String Phenomenology Conference in Madison, Wisconsin, 
in August; and just days before the CERN data were reported, we posted 
a paper containing a significantly more precise prediction (G. Kane et 
al. http://arXiv.org/abs/1112.1059; 2011). 

The same string theory (actually M-theory) that predicts the Higgs 
mass correctly also predicts that a spectrum of superpartners and 
some of their associated signals should now be discovered at the LHC. 
Particles such as gluinos — superpartners to gluons, which mediate 
the strong force — have not yet been searched for explicitly in the 
decay modes predicted by the string theories, mainly decay to top and 
bottom quarks. They could be found in these modes by the middle of 
next year. If so, the discovery may have a lower profile than the news 
of the Higgs boson, but the implications could be even greater. String 
theory could have come of age at last. m 


Gordon Kane is director emeritus of the Michigan Center for 
Theoretical Physics in Ann Arbor, Michigan. 
e-mail: gkane@umich.edu 
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POLICY 


Patient protection 
Rules to protect people taking 
part in federally funded 
research in the United States 
are adequate but should be 
made stronger, according 

to a 15 December report 
from a panel advising US 
President Barack Obama 

on bioethical matters. The 
Presidential Commission for 
the Study of Bioethical Issues 
recommended greater public 
access to data about studies 
on human subjects, and called 
for a system to compensate 
people who sustain research- 
related injuries. The report 
had been requested by Obama 
in 2010, after the discovery 
that US government-funded 
scientists had intentionally 
infected subjects with syphilis 
in a study in Guatemala in 

the 1940s. See go.nature.com/ 
jzyecz for more. 


Cold shutdown 


The three reactors at Japan's 
Fukushima nuclear plant that 
had meltdowns in early March 
have now been brought to a 
state of ‘cold shutdown; the 
government announced on 

16 December. The term means 
that the coolant in the reactors 
is stable and below its boiling 
point — and is usually an 
indication that any immediate 
crisis is over. But because 

the reactors are leaking, the 
milestone means very little in 
practice: water will still need 
to be pumped into the reactors 
to cool their decaying fuel, and 
residents who once lived near 
the plant will not be able to 
return until the land has been 


decontaminated. See go.nature. 


com/cdoruh for more. 


Forest suspense 


Final voting on a law that 
would relax forest protection 
rules in the Brazilian Amazon 
was last week delayed 

until March 2012, giving 


Cornell wins New York science campus 


Look out Boston and San Francisco. New York 
City has signed off on a US$2-billion science 
and engineering campus to stimulate high-tech 
industry and inspire new start-up companies. 
On 19 December, New York’s mayor, Michael 
Bloomberg, chose a bid by Cornell University 
and the Technion-Israel Institute of Technology 
in Haifa, which he called the “boldest and most 


environmentalists who 
oppose the changes more 
time to make their case to the 
Brazilian Congress. Scientists 
fear that the altered ‘forest 
code’ would weaken rules 

on tree-clearing that have 
reduced deforestation in the 
Amazon. The bill has already 
been passed by Brazil's Senate. 
See go.nature.com/bdfot2 

for more. 


Chimp research 


Most biomedical research on 
chimpanzees is “unnecessary”, 
the US Institute of Medicine 
found in a report released 

on 15 December. The report 
means that research using 
chimps that is funded by 

the US government will be 
sharply curtailed. The report 
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was immediately accepted by 
the US National Institutes of 
Health, where director Francis 
Collins said that “something 
like 50%” of the agency's 
roughly 37 projects involving 
chimps would be phased out 
because they do not meet the 
report's criteria. See page 424 
for more. 


NASA science head 
John Grunsfeld, an 
astrophysicist and astronaut 
who carried out repairs on the 
Hubble Space Telescope, will 
head NASA’ US$5-billion 
science mission directorate, 
the agency confirmed 

on 19 December. Nature 
reported the first news of the 
appointment in November. 
Starting on 4 January 2012, he 


ambitious” of seven applications received ina 
year-long contest. With $450 million in hand, 
anew campus (artist’s impression pictured) is 
slated to be built on Roosevelt Island by 2017. It 
will admit 75 full-time faculty members and 300 
graduate students; an expansion to 280 faculty 
and 2,000 students is planned over the next three 
decades. See go.nature.com/733z3e for more. 


replaces Ed Weiler, who retired 
in September. See go.nature. 
com/6pg9vv for more. 


Australian reshuffle 
Australian Prime Minister 
Julia Gillard took the nation’s 
science leaders by surprise last 
week when she demoted her 
science minister, Kim Carr, 
toa non-cabinet position. 
Carr, who was well liked 

by the science community, 
had held the innovation, 
industry, science and research 
portfolio since 2007. Those 
areas were split in Gillard’s 
reshuffle: science and research 
were added to the tertiary- 
education portfolio under 
Senator Chris Evans, and 
climate-change minister 

Greg Combet was given 


CORNELL UNIV. 


¥ responsibility for innovation 
& and industry. See go.nature. 


ire 


SOURCE: GTM RES./SEIA 


com/6jaak5 for more. 


From air to orbit 
Rockets bound for orbit 
could one day be fired not 
from launch pads, but from 
the underbelly of the largest 
aeroplane ever built — 
according to Stratolaunch 
Systems, a company that was 
announced on 13 December. 
Stratolaunch, which is 
headquartered in Huntsville, 
Alabama, has influential 
founders: aerospace pioneer 
Burt Rutan (who won the 
Ansari X Prize in 2004 for 
designing the SpaceShipOne 
rocket-plane, the first private 
craft to reach suborbital 
flight) and Microsoft 
co-founder and billionaire 
Paul Allen. They say that the 
air-launch-to-orbit system 
(intended to carry both cargo 
and human payloads) would 
be cheaper and more flexible 
than the conventional launch- 
pad approach. See go.nature. 
com/ead2q] for more. 


Tiniest frogs 

This tiny adult female frog 
(Paedophryne dekot, pictured) 
is the world’s smallest tetrapod, 
according to Fred Kraus at the 
Bishop Museum in Honolulu, 
Hawaii, who published his 
finding on 12 December 

(FE Kraus ZooKeys 154, 71-88; 


TREND WATCH 


US solar-energy installations 
spiked during the third quarter of 
2011, according to a joint report 
by the Solar Energy Industries 
Association in Washington DC 
and GTM Research, 
headquartered in Boston, 
Massachusetts. Declining module 
prices have aided the boom, but 
the rush was also driven by a 
federal programme that provides 
solar-investment tax credits in the 
form of cash grants. Although the 
tax credit will continue until 2016, 
the cash-grant programme is due 
to expire at the end of this month. 


2011). Just 8.5-9.0 millimetres 
long from snout to vent — 
about a millimetre shorter than 
other tiny frog species — the 
amphibian was found living 

in leaf litter in forests in Papua 
New Guinea. A large number 
of diminutive frogs live in 

the region, which Kraus says 
may bea biological oddity. 
However, he also points out 
that miniature frogs are hard 
to find in the field, so their 
presence elsewhere could have 
been overlooked. 


A twin Earth 

NASA’ Kepler telescope 

has reached one of its 

major mission milestones: 
discovering another Earth- 
sized planet. It has also 
spotted a Venus-sized planet 
in the same star system, 
which is about 290 parsecs 
(946 light years) away from 
us, researchers reported 

on 20 December at a press 
conference and in Nature 

(FE Fressin et al. Nature 
http://dx.doi.org/10.1038/ 
nature10780; 2011). Although 


US SOLAR SPIKE 


scientists were delighted 
with this feat of detection, 
both planets orbit far too 
close to their parent star to be 
habitable. See go.nature.com/ 
i372nd for more. 


Variome project 

A project to log all the genetic 
variations that cause disease 
in humans took a step forward 
last week with the launch of its 
Chinese arm at a meeting in 
Beijing. The Human Variome 
Project, based in Victoria, 
Australia, hopes to collect 
genetic data from laboratories 
all over the world, and share 

it in international databases 
of genes and diseases. China 

is taking on about a quarter 

of the project's estimated 
20,000 genes, and will set up a 
genetics institute in Beijing to 
coordinate activities and give 
training in genetic counselling 
and testing. See go.nature. 
com/intbvt for more. 


| _BUSINESS 
Preventing HIV 


Pharmaceutical firm Gilead 
Sciences wants to sell anti- 
HIV drugs to healthy people, 
to reduce their chances of 
becoming infected with the 
virus. On 15 December, the 
company, based in Foster 
City, California, filed an 
application to the US Food and 
Drug Administration to sell 
its two-in-one antiretroviral 
medication Truvada 


Falling prices for photovoltaic modules helped the United States 
to a record quarter for grid-connected solar installations. 


Oa 


250 


US solar photovoltaic installations (MW) 


SEVEN DAYS IIS 
COMING UP 


31 DEC-1JAN 
NASAs twin GRAIL 
spacecraft are due to 
ease into orbit around 
the Moon, from where 
they will start to map 
lunar gravity in March 
2012. 
go.nature.com/msewft 


1 JANUARY 
Regulation of aviation’s 
greenhouse-gas 
emissions is set to start 
in the European Union. 
All flights to or from 
Europe will have to buy 
carbon credits under 
the region’s emissions 
trading scheme. China 
and the United States are 
contesting the plan. 


(emtricitabine/tenofovir 
disoproxil fumarate) to people 
not infected with HIV. Such 
‘pre-exposure prophylaxis’ 
(PrEP) has been supported 

by clinical trials (see Nature 
476, 260-261; 2011). The US 
Centers for Disease Control 
and Prevention in Atlanta, 
Georgia, is currently working 
on guidelines for administering 
PrEP and monitoring patients 
who are taking the therapy. 


Amgen shake-up 


Two top executives at the 
biotechnology giant Amgen 
are leaving after more than a 
decade in charge, the company 
said on 15 December. Chief 
executive Kevin Sharer 

and head of research and 
development Roger Perlmutter 
are both retiring, replaced 
respectively by chief operating 
officer Robert Bradway and 
chief medical officer Sean 
Harper. Amgen, based in 
Thousand Oaks, California, 
posted US$15.1 billion in 

sales last year; its products 
include biological drugs for 
rheumatoid arthritis and 
anaemia. 


> NATURE.COM 
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Funding bill backs Report sets a high bar From the Meet 10 
translational- medicine for NIH research involving Arab Spring to unruly key people behind 
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Some researchers argue that work on a new strain of avian flu should be conducted only in labs with the highest biosafety precautions (above). 


BIOSAFETY 


Fears grow over lab-bred flu 


Scientists call for stricter biosafety measures for dangerous avian-influenza variants. 


BY DECLAN BUTLER 


pandemic caused by the accidental release 
of a man-made form of the lethal avian 
influenza virus H5N1. 

Yet the risk is all too real. Since September, 
news has been circulating about two groups 
of scientists who have reportedly created 
mutant H5N1 variants that can be transmit- 
ted between ferrets merely breathing the same 
air, generally an indicator that the virus could 
also spread easily among humans. 

The work raises the spectre of a disease that 
spreads as fast as ordinary seasonal flu, but 
with a fatality rate akin to wild-type H5N1 
— an order of magnitude greater than the 


lE is a nightmare scenario: a human 


mortality rate of roughly 2.5% seen during the 
catastrophic flu pandemic of 1918. 

Until now, debate about the new variants 
has focused on whether the research poses too 
great a security risk to be published — even 
if partially redacted — a question currently 
under consideration by the US National Sci- 
ence Advisory Board for Biosecurity (NSABB). 

A number of scientists argue, however, that 
the NSABB’s deliberations have come far too 
late. Because further research on the new vari- 

ants now seems inevitable, 
a far more important ques- 


Read more at tion, they say, is whether 
Nature’savianflu the labs that hold samples 
special: of the virus — and those 


who will seek to work with 


them in the future — have sufficient biosafety 
protection to make sure it cannot escape. 

“This horse is out of the barn,” says Richard 
Ebright, a molecular biologist and biodefence 
expert at Rutgers University in Piscataway, 
New Jersey. “At this point, it is utterly futile 
to be discussing restricting the publication of 
this information,” he adds, pointing out that 
the results have already been seen by many flu 
scientists, including referees, and are probably 
spreading through the flu grapevine faster than 
a speeding neutrino. 

Sources say that one of the studies, led by 
Ron Fouchier of Erasmus Medical Center 
in Rotterdam, the Netherlands, has been 
submitted to Science, and that the other, led 
by Yoshihiro Kawaoka of the University 
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SOURCE: NIH/CDC 


R. FARIS/CORBIS 


| NEWS IN FOCUS 


SAFETY BY DEGREES 


The precautions needed when working on a pathogen are determined by the threat it poses. 


Biosafety level (BSL) 


1: Agents not associated with consistently causing 
disease in healthy adults 


2: Agents causing mild, treatable human disease 


3: Agents causing serious human disease with 
possible treatment: high individual risk, low 
community risk 


3 ‘Enhanced’: Borderline BSL-3/BSL-4 


4: Agents likely to cause serious human disease with 


no treatment: high individual risk, high community risk 


> of Wisconsin, Madison, has been sent to 
Nature. (Nature’s journalists do not have access 
to submitted manuscripts or the journal’s 
confidential deliberations on them.) Fouchier 
also presented his results in September at the 
annual European Scientific Working Group on 
Influenza conference in Malta. 

The mutant strains were not born out ofa 
reckless desire to push the boundaries of high- 
risk science, but to gain a better understand- 
ing of the potential for avian H5N1 to mutate 
into a form that can spread easily in humans 
through coughing or sneezing. Some virolo- 
gists have suggested that any genetic changes 
that made it more transmissible would prob- 
ably blunt its deadliness. The new work seems 
to contradict that comforting idea. The studies 
should also help boost surveillance for similar 
changes in wild-type strains, and to develop 
diagnostics, drugs and vaccines. 

Both experiments were conducted in labs 
rated at ‘biosafety level 3 (BSL-3) enhanced’ 
(see ‘Safety by degrees’). Such labs require 
scientists to shower and change clothes when 
leaving the lab, and include other safety fea- 
tures such as negative air pressure and passing 
exhaust air through high-efficiency particulate 


> MORE ONLINE 


@ India 
makes 
plans to 
phase out 
classroom 
dissections 
go.nature.com/ 
dipenn 


@ Young researchers lose out in EU 
funding programme go.nature.com/ilqcoy 

@ Statistical method finds hidden 
patterns in complex data go.nature.com/geflri 
@ How bacteria break a magnet go.nature. 
com/hyweco 


Typical precautions Examples 


Lab coat and gloves Bacillus subtilis 


Biosafety cabinets; limited lab 
access 


Rabies, polio, 
seasonal flu 


Decontamination of waste and | Tuberculosis, 


lab clothing anthrax, SARS 
Lab in isolation zone; dedicated | Reconstructed 
power and air systems 1918 flu virus 
Full-body, air-supplied, positive | Ebola, Nipah 
pressure suits virus 


air filters. This should be quite sufficient 
to provide protection against an accidental 
release of the virus, some virologists say. 

“Current biosafety rules are adequate for 
safely doing such transmission experiments 
with H5N1 viruses or any other influenza 
virus,” says Peter Palese, a virologist at Mount 
Sinai School of Medicine in New York. 

Requiring the more stringent protocols of 
BSL-4 facilities would hamper the research 
needed to develop countermeasures against 
an H5N1 pandemic, says Masato Tashiro, a 
virologist at the National Institute of Infectious 
Diseases in Tokyo, because it would limit the 
number of researchers able to work with the 
virus. As such, he believes that the work should 
be done in BSL-3 enhanced facilities. 


HIGH SECURITY 
But others say that to protect not only the 
researchers working on the viruses, but also 
society at large, the new H5N1 variants must 
be restricted to BSL-4 labs. These labs have far 
tougher safety and security measures, such as 
requiring workers to wear positive air pres- 
sure suits and undergo more rigorous decon- 
tamination; some also have additional security 
measures, such as video surveillance and 
bomb-proofing. Corralling this research in 
BSL-4 facilities would also immediately limit 
the proliferation of the viruses in labs, because 
only a few dozen such facilities exist world- 
wide, says Ebright. Indeed, one regulatory 
official, who requested anonymity, says that he 
is most concerned about the H5N1 mutants 
being handled in BSL-3 labs in countries with 
weak biosafety cultures or competences. 

Deborah Middleton, an H5N1 researcher at 
the high-containment facilities at the Austral- 
ian Animal Health Laboratory in Geelong, says 
that the characteristics of the new variants “ful- 
fil the criteria of a BSL-4 pathogen’, adding that 
she believes they would probably be handled 
as such in her institution. Indeed, the original 
experiments to create the viruses should also 
have been conducted in a BSL-4 facility, argues 
Hervé Raoul, director of the Jean Meriéux- 
INSERM BSL-4 lab in Lyons, France. 

Past experience suggests that the risk of 
the new variant H5N1 escaping from a lab 
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is far from negligible. Over the past decade, 
severe acute respiratory syndrome (SARS) 
has accidentally infected staff at four high- 
containment labs in mainland China, Taiwan 
and Singapore, variously rated as BSL-3 and 
BSL-4. A US National Research Council report 
released in September detailed 395 biosafety 
breaches during work with select agents in 
the United States between 2003 and 2009 — 
including seven laboratory-acquired infections 
— that risked accidental release of dangerous 
pathogens from high-containment labs. 

And the rapid spread of an escaped flu virus 
would make it more dangerous than other 
deadly pathogens. “When SARS or BSL-4 
agents get out, their potential for transmission 
ona global basis is quite limited,” says Michael 
Osterholm, who heads the University of Min- 
nesota’s Center for Infectious Disease Research 
and Policy in Minneapolis, and is a member of 
the NSABB. “Influenza presents a very difficult 
challenge because if it ever were to escape, it is 
one that would quickly go round the world” 

Fouchier declined to comment on these 
biosafety issues, saying only that his experi- 
ments had been reviewed by authorities in 
the Netherlands and the United States where 
“H5NI1 virus is a class-3 agent because anti- 
virals and vaccines are available”. Kawaoka did 
not respond to interview requests. 

Some scientists say that they are looking 
to the World Health Organization (WHO) 
to provide timely leadership in this biosafety 
debate. But Gregory Hartl, a spokesman for 
the WHO in Geneva, Switzerland, says the 
agency is unable to comment, because it has 
not yet seen the written studies. Meanwhile, 
the NSABB has not said when it will publish 
its advice. In a statement to Nature, the US 
Department of Agriculture said that it (and 
the US Department of Health and Human Ser- 
vices) will conduct any appropriate technical 
review of the new H5N1 variants. 

Ebright laments that important questions 
of biosafety and biosecurity are largely left 
to the discretion of individual researchers. 
“In the United States, there is only voluntary 
oversight for biosafety, and with the exception 
of the select agents rule, there is no oversight 
of biosecurity,’ he says. Given the choice, says 
Middleton, flu researchers often resist work- 
ing in higher biocontainment levels simply 
because they would no longer have the con- 
venience of doing their research in BSL-3 labs 
at their own institutes, and because working in 
a BSL-4 lab is inherently more difficult. 

The situation contrasts sharply with the 
barrage of legislation to regulate research that 
involves placing human subjects at risk, notes 
Ebright, where proposed projects are rigor- 
ously reviewed before they can start. “What's 
remarkable,’ says Ebright, is that for research 
of this type on H5N1, “which puts at risk not 
one individual but potentially hundreds, thou- 
sands or millions of individuals, there is no 
oversight whatsoever”. m 


C. SOMODEVILLA/GETTY IMAGES 


NIH director Francis Collins seems to have secured government backing for a translational-science centre. 


Last-minute wins 
for US science 


Billtops up health, energy and translational-science spending. 


BY IVAN SEMENIUK AND SUSAN YOUNG 


year-end push by the US Congress to 
At a $915-billion spending bill has 

delivered ona key initiative proposed 
by Francis Collins, director of the National 
Institutes of Health (NIH). 

In addition to funding the NIH at nearly 
$30.7 billion for the 2012 fiscal year, the bill 
dissolves the National Center for Research 
Resources (NCRR) and allocates a large por- 
tion of its budget — roughly 45% — to the 
creation of a National Center for Advancing 
Translational Sciences (NCATS). It is the big- 
gest organizational change at the biomedical 
agency in decades. 

The translational-science centre was 
proposed by Collins late last year and fast- 
tracked by the administration of President 
Barack Obama for establishment in 2012. But 
the dissolution of the NCRR has met with 
some resistance within the NIH, particularly 
from those worried about the fate of its pro- 
grammes, which will be parcelled out to other 
NIH institutes and the director’s office (see 
Nature 471, 15-16; 2011). And in June, Denny 
Rehberg (Republican, Montana), chairman of 
the House Committee on Appropriations for 
Labor, Health and Human Services, Education, 
and Related Agencies objected to not having 


received a formal budget request for the new 
centre. The committee made no provision 
for it in a draft bill released on 29 September. 
The reappearance of the centre in legislation 
passed by the Senate on 17 December — and 
expected to be signed into law by Obama — 
brings Collins's initiative closer to reality. 
“Having the NIH in the discussions about 
the future of translational research is critical, 
so we are excited about its potential role,’ says 
Margaret Anderson, executive director of 
FasterCures, an organization based in Wash- 
ington DC that works to speed up medical pro- 
gress. “This is a smart allocation of resources.” 
The NIH also gets a reprieve from footing 


IN FOCUS | NEWS 


the $298-million cost of the Global Fund to 
Fight AIDS, Tuberculosis and Malaria, which 
will now be covered by the Department of 
State. Overall, the NIH receives $299 million 
more than last year. 

The omnibus bill also includes allocations 
for the Department of Energy and the Envi- 
ronmental Protection Agency (see ‘Science by 
numbers’). Funding for some agencies, includ- 
ing NASA and the National Science Foundation 
(NSF), was established in a bill that passed on 
17 November (see Nature 479, 455-456; 2011). 

The Centers for Disease Control and Preven- 
tion (CDC) in Atlanta, Georgia, will also see a 
small increase from last year’s allocation, some 
of which comes from the mammoth health- 
care reform bill that Obama championed in 
2010. But Karl Moeller, executive director of 
the Campaign for Public Health in Washing- 
ton DC, worries about a longer-term decline 
in the agency’s discretionary budget and about 
the CDC’s lack of champions on Capitol Hill. 
“If you poll the public, they love prevention, 
but funding that, for some reason, just doesn't 
excite members of Congress,’ says Moeller. 

Energy research will see a small rise in 2012. 
The bill allocates $4.9 billion to the Depart- 
ment of Energy's Office of Science — roughly 
1% over its 2011 figure — and $275 million 
to the Advanced Research Projects Agency- 
Energy (ARPA-E) to pursue high-risk, high- 
return projects. The latter figure is far below the 
president’s ambitious request of $550 million for 
ARPA-E, but it will allow the fledgling agency to 
proceed with funding a new round of projects 
(see Nature 471, 145-146; 2011). 

Climate science has come under particular 
scrutiny, a reflection of Republican antipathy 
towards the regulation of greenhouse-gas 
emissions. The bill requires the administration 
to provide a detailed account of money spent 
on programmes related to climate change in 
2011. The Environmental Protection Agency's 
budget has been cut by 3.4%, with a $14-mil- 
lion reduction in funding for clean-air and 
climate-research programmes. The bill does, 
however, make $10 million available to the 
state department to contribute to the Inter- 
governmental Panel on Climate Change and 
the United Nations Framework Convention on 
Climate Change. = 


by the US Congress, compared with the president’s 


2011 estimated | 2012 requested | 2012 passed 
30,399 31,456 30,698 
8,682 8,973 8,463 

5,649 5,817 5,668 

4,858 5,416 4,889 

1,084 1,118 1,070 


SCIENCE BY NUMBERS 

Selected figures from the latest spending bill passed 

2012 request and previous fiscal year allocations. 
2010 actual 

National Institutes of Health 30,784 

Environmental Protection Agency 10,281 

Centers for Disease Control and 6,390 

Prevention (discretionary) 

Department of Energy’s Office of 4,964 

Science 

US Geological Survey TeiLilye 

Sources: White House OMB, House Committee on Appropriations, CDC 
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ANIMAL EXPERIMENTATION 


Tightened standards could pose a barrier to all but a few studies making use of research chimps. 


Chimp research 
under scrutiny 


US-government-funded studies to be evaluated under 


stricter criteria. 


BY MEREDITH WADMAN 


landmark report published by the 
Az" of Medicine (IOM) last week 

has triggered the US government to 
reconsider what, if any, chimpanzee research 
should receive funding. It has also left Chris- 
topher Walker pondering the implications for 
an enterprise close to his heart — developing 
a preventive vaccine against the hepatitis C 
virus (HCV). 

Walker, director of the Nationwide Chil- 
dren’s Hospital’s Center for Vaccines and 
Immunity in Columbus, Ohio, found himself 
agreeing with many of the recommendations 
in the report, which was released on 15 Decem- 
ber. They include strict criteria for assessing 
when chimps can be used in research projects 
(see ‘Raising the bar for chimp research’), and 
the establishment of an expert committee to 
judge proposed studies on a case-by-case basis. 

Walker even agreed that no chimp experi- 
ment aimed at developing therapies for the 
170 million people worldwide infected with 
HCV would meet those criteria. For example, 
although the chimp is the only other animal 
susceptible to HCV infection, new in vitro 


culture systems and small-animal models 
containing human cells offer alternatives. 

What gave Walker pause was an issue that 
split the otherwise-unanimous IOM authors. 
Only half felt that chimpanzees may be nec- 
essary to identify HCV vaccine candidates 
for use in humans. The split makes it hard to 
predict whether government-funded HCV 
vaccine researchers will still be approved to 
work with chimps. “If you have an idea for an 
entirely new approach to vaccination, but can’t 
get proof of that principle in animals, my fear 
is that it will never move ahead into human 
trials,” says Walker, who is studying protective 
immunity to HCV in chimps. 

Although the IOM report leaves the door 


RAISING THE BAR FOR CHIMP RESEARCH 


partly open for HCV vaccine research, in other 
disease areas it is less equivocal. Jeffrey Kahn, 
the committee chair and deputy director of 
policy and administration at Johns Hopkins 
University’s Berman Institute of Bioethics in 
Baltimore, Maryland, notes that only one other 
active research area meets the IOM standards: 
existing studies in which chimps are used to 
produce monoclonal antibodies and to test 
their safety. “No other current biomedical 
research areas were seen as meeting the com- 
mittee’s criteria,” Kahn says. 

During a media briefing after the report's 
release, Francis Collins, the director of 
the National Institutes of Health (NIH) in 
Bethesda, Maryland, which supports 612 
chimps and oversees most of the government's 
chimp research, said that 37 agency-funded 
chimp studies would be evaluated under the 
report's criteria. Those that do not pass muster 
will be phased out; no new studies involving 
experimentation on chimps will be funded 
unless the criteria are met. 


DIVIDED OPINION 

The committee's split over the use of chimps to 
identify promising HCV vaccine candidates 
reveals a fault line within the biomedical com- 
munity. In a letter sent to the committee on 
25 September, 100 scientists, including several 
Nobel laureates, argued that, without access to 
the chimp, there will be a “substantial delay” in 
creating an effective vaccine, and that there is no 
guarantee that promising-looking alternatives, 
such as mouse models, will prove to be effective. 

Yet the report's conclusions reflect the tenor 
of the times, as well as the progress of alter- 
natives to animal research. Public opposition 
to the use of chimps in research has grown 
steadily. This is reflected in proposed legisla- 
tion on Capitol Hill that would ban invasive 
and comparative-genomic chimp research, 
and in a petition from animal-welfare groups 
being considered by the US Fish and Wildlife 
Service to declare research chimps as endan- 
gered, which would effectively end any chimp 
research not aimed at conservation. 

The IOM report was requested by the 
NIH after high-profile politicians and activ- 
ists protested against the agency’s plan to 
move 186 semi-retired chimps back into 
active research (Nature 467, 507-508; 2010). 
The committee wrote that its deliberations, 
although formally considering only scientific 
necessity, were “suffused with an awareness 


Experiments will need to comply with these criteria to win funding from the National Institutes of Health. 


Biomedical studies 


. No other suitable model is available 

. The study cannot be performed ethically in 
humans 

. Important advances would be significantly 


slowed or prevented if the study was not done 

. Chimps must be housed in appropriate 
physical and social environments or in 
natural habitats 
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Comparative-genomics and behavioural studies 


. The study provides otherwise unattainable 
insight 

. The study is performed on acquiescent 
animals using minimally invasive techniques 
in amanner that minimizes pain and distress 

. Chimps must be housed in appropriate 
physical and social environments or in natural 
habitats 
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of the moral cost of such research”. 

Researchers are divided over the number 
of experiments that stand to be affected. 
Collins guesses that “something like 50%” of 
the 37 NIH-funded experiments would be 
curtailed, but the directors of the three NIH- 
supported research centres that conduct 
invasive experiments say that they carried 
out only seven such experiments with NIH 
funded chimps this year. 

The paucity of invasive experiments, they 
say, shows that chimps are already being used 
highly selectively. “There are some assump- 
tions, it seems, that the IOM criteria were 
not being applied already. And I think that’s 
incorrect;’ says Thomas Rowell, director of 
the New Iberia Research Center in Louisiana, 
the largest US chimp research centre. 

Two of four projects using chimps at the 
Michale E. Keeling Center for Compara- 
tive Medicine and Research near Bastrop, 
Texas, this year involved testing treat- 
ments on chimps chronically infected with 
hepatitis C. A third studied hepatitis-C 
infectivity and the fourth involved HIV/ 
AIDS. All four are either complete or near 
completion, so are unlikely to be affected by 
the new recommendations. 

John VandeBerg, director of the South- 
west National Primate Research Center in 
San Antonio, Texas, says that there are two 
NIH-funded studies under way there. “It 
is my judgement that both of these studies 
would qualify for continuation” under the 
IOM criteria, he says. 

But animal-welfare activists are pleased 
that the committee came down resound- 
ingly on the side of less is better. Even in 
the case ofa preventive HCV vaccine, says 
Kathleen Conlee, senior director for ani- 
mal-research issues at the Humane Society 
of the United States in Washington DC, “it 
didn’t say, “We absolutely need chimps for 
this’ but rather, “We couldn't decide”. 

Supporters of chimp research take heart 
from a separate IOM observation that a 
new or re-emergent disease could require 
the use of chimps in the future. “The IOM 
report is the first authoritative document to 
acknowledge the very real possibility that 
new and emerging threats to human health 
may require access to chimps,’ says Chris- 
tian Abee, director of the Keeling Center. 
‘A plan will have to be developed to ensure 
that chimps are available in the future.” 

When asked whether the new report 
will require a reassessment of the chimp- 
breeding ban that the NIH put in place in 
1995, Collins says that he does not have an 
analysis showing how many chimps should 
“be kept on hand should the need arise from 
some sort of new pandemic for their use”. 
But, he says, “with more than 600 chimps 
already available and owned by the NIH, it 
seems as though we have a pretty substantial 
population to work with” = 
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Rules on integrity 
signal tighter stance 


Many US agencies now have policies banning political 
manipulation of research — but ambiguities remain. 


BY EUGENIE SAMUEL REICH 


hen Kathleen Sebelius, secretary 
of the US Department of Health 
and Human Services, overruled 


the Food and Drug Administration (FDA) 
on 7 December and denied over-the-counter 
access to the Plan B One-Step ‘morning-after’ 
pill for girls aged under 17, advocates for sci- 
entific integrity in government were outraged. 
Although the FDAs decision to allow access had 
been based on an in-depth scientific review, 
Sebelius — who is nota scientist by training — 
claimed that the data did not support the view 
that young girls would be able to use the drug 
safely. “The key problem is she re-reviewed the 
science,’ says Francesca Grifo of the Union of 
Concerned Scientists in Washington DC. 

It is no small irony that a row over politi- 
cal interference in scientific decision-making 
should erupt just as President Barack Obama's 
initiative to shield government scientists from 
such pressures comes to fruition. Agencies 
and departments across the US government 
have been working to submit final drafts of 
scientific-integrity policies, many of which 
make some reference to disallowing politically 
motivated alteration of data. 

The policies were due to be submitted to the 
government's Office of Science and Technology 
Policy (OSTP), where its director John Holdren 
is overseeing the process, by 17 December. Last 
week, Nature conducted its own survey of the 
effort by contacting agencies directly. Of the 
11 departments and agencies that have con- 
firmed to Nature that they are drafting new 
policies, six now have public policies that 
make some reference to forbidding politically 
motivated alteration of data. A seventh, the 
Department of Justice, has told Nature that a 
working draft does so. 

But three agencies — the Department of 
Health and Human Services, the Department 
of Energy and the Department of Defense — 
have not made their policies public or answered 
Nature’s questions about them. A fourth agency 
— the National Institute of Standards and 
Technology (NIST) — has no public policy but 
has told Nature that a working draft does not 
explicitly ban political alteration of data. Henry 
Wixon, the chief counsel for NIST, says that this 
has not traditionally been an issue at the agency, 


but adds that he may consider amending the 
NIST draft policy. Similar shifts have taken place 
at NASA and the National Science Founda- 
tion, both of which included language banning 
political interference in the latest versions of 
their integrity policies, released in the past week. 
Earlier drafts did not include such language. 

The stakes are highest at regulatory agencies 
where science directly informs policy. Among 
these, the Environmental Protection Agency 
has moved forward with asserting that the 
work of its scientists and engineers should be 
free from political influence. However, critics 
have complained that the agency's draft policy 
could be clearer about the fact that the require- 
ment applies to agency political appointees, not 
just to scientists employed by it. Another regula- 
tory agency, the energy department, received a 
letter on 15 December from the Project on 
Government Oversight, a watchdog group 
based in Washington DC, calling for its policy 
to include an independent oversight mecha- 
nism for breaches of research ethics. 

Yet some question whether the integrity 
policies go far enough. It is far from clear, for 
example, whether such a policy at the Depart- 
ment of Health and Human Services would 
have prevented the furore over Plan B. 

Nick Steneck, a research ethicist at the Uni- 
versity of Michigan in Ann Arbor, says that the 
OSTP should offer stronger leadership to make 
it clear that integrity policies must address polit- 
ical interference. “Issuing a simple document is 
not sufficient,” he says. m SEE EDITORIAL P.413 


CORRECTIONS 

The graph of a hypothetical stock portfolio 
in the News story ‘Blockbuster drug bows 
out’ (Nature 480, 16-17; 2011) omitted the 
effects of dividends and stock splits; instead 
of losing 39%, it should have risen by 82%. 
Similarly, US$100 worth of Pfizer stock in 
1986 would have grown to $2,139 by 1999 
and shrunk to $1,629 by the end of 2010. 


The News Feature ‘Master of illusion’ (Nature 
480, 168-170; 2011) wrongly attributed the 
idea “if there’s something you can be certain 
of in this world, it’s that your hand is your 
hand” to Descartes instead of G. E. Moore. 
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365 DAYS: 


2011 in review 


BY RICHARD VAN NOORDEN 


upheaval, the effects of which will reverberate for decades. The 

United States lost three venerable symbols of its scientific might: 
the space-shuttle programme, the Tevatron particle collider and block- 
buster profits from the world’s best-selling drug all came to an end. But 
the year also saw stirrings of science’ future: hopes that research might 
blossom following the Arab Spring; cheap vaccines rolling out in Africa; 
and the first fruits of genome sequencing being used in the clinic. All 
this was overshadowed by the triple trauma of Japan's devastating earth- 
quake, tsunami and nuclear meltdown, anda continual chipping away at 
science funding as nations struggled with the financial crisis. 


THE STEM-CELL ROLLER COASTER i: hasbeen an emotional year 


for advocates and opponents of embryonic stem (ES) cell research. In 
July, there was relief when a federal judge dismissed a lawsuit seeking to 
halt US government funding of research using human ES cells. But in 
October, the European Court of Justice banned patents based on human 
ES cells, although the ruling’s impact on European science remains 
unclear. And November brought a shock when the first company to test 
a human ES-cell product in patients — Geron of Menlo Park, California 
— bailed out of the field. Back in the lab, ES cells in a dish were coaxed 
into forming complex three-dimensional tissues, including a retina anda 
pituitary gland. Scientists also managed to create a human ES-cell line by 
using cloning technology on a human egg — the only catch being that the 
cells contained an extra set of chromosomes. Meanwhile, scientists’ early 
love affair with induced pluripotent stem (iPS) cells gave way to a more 
nuanced assessment of their abilities. In the first half of the year, a string 
of worrying research papers showed that the reprogrammed adult cells 
can trigger adverse immune reactions in mice and may contain genetic 
abnormalities. But other studies demonstrated potential benefits: iPS 
cells derived from patients can be used to study their diseases in a dish, 
with published examples including a rare condition linked to accelerated 
ageing and neurological disorders such as schizophrenia. 


F:: science — as for politics and economics — 2011 was a year of 


Powered down: the Tevatron collider was turned off for good in September. 
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THE YEAR IN BRIEF 


PUZZLING OVER PARTICLES whata cliff-hanger. After gathering 


evidence from around 420 trillion proton-proton collisions in the Large 
Hadron Collider at CERN, Europe’s particle-physics lab near Geneva, 
physicists announced in December that they still couldn't confidently 
state whether or not the Higgs boson exists — although they did identify 
its most likely hiding place, at a mass of around 125 gigaelectronvolts. 
That mystery joined another messy plot thread: the astonishing claim 
that neutrinos can travel faster than light. In September, a team at the 
OPERA experiment — a neutrino detector at the Gran Sasso National 
Laboratory near LAquila, Italy — claimed to see a beam of neutrinos 
make the 730-kilometre journey from CERN 60 nanoseconds quicker 
than light could have managed, apparently breaking the cosmic speed 
limit. Although physicists have tried to poke holes in the result, no one 
has so far spotted an obvious flaw, leaving a world on tenterhooks as 
independent experiments attempt to replicate the finding. The myster- 
ies continued with dark matter, as a flurry of results from astrophysical 
experiments provided a welter of contradictory and confusing signals. 
But at least one story came to a definite conclusion this year: after more 
than 25 years spent colliding particles, the massive Tevatron accelerator 
at Fermilab in Batavia, Illinois, was switched off for good. 


BATTERED REPUTATIONS No year is free of scientific scandal, but 


2011 saw some particularly high-profile cases. In October, prominent 
psychologist Diederik Stapel was fired by Tilburg University in the Neth- 
erlands after an investigation committee found extensive fraud in his 
work (see page 441). Three months earlier, evolutionary psychologist 
Marc Hauser resigned from Harvard University following last year’s mis- 
conduct findings, but while the US Office of Research Integrity continues 
to investigate the case, exact details of what he did remain remarkably 
scant. The scandal involving cancer geneticist Anil Potti, who resigned 
from Duke University in Durham, North Carolina, in 2010, reached new 
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heights in September, when patients enrolled in clinical trials based on 
his science brought a lawsuit against the university and the scientists 
involved, claiming that they had been harmed. And November saw the 
dramatic arrest and brief jailing of Judy Mikovits, prominent for her work 
(now partially retracted) linking chronic fatigue syndrome to a virus. 


ARAB AWAKENING Elated scientists joined jubilant revellers 


throughout Egypt on 11 February, when Hosni Mubarak resigned after 
30 years as the nation’s president. He stepped down a few weeks after 
popular uprisings forced out Tunisian President Zine al- Abidine Ben Ali. 
With dictators ousted, many researchers remain 
optimistic that the Arab Spring's new freedoms 
will lead to progress in science, education 
and democracy. But by the time Libya's ruler, 
Muammar Gaddafi, was killed in October, it 
was increasingly clear that change would be 
slow in coming — and would depend heavily 
on those who take power. One immediate effect 
of the revolutions was to throw archaeology into 
turmoil: foreign archaeologists had to leave 
both Libya and Egypt, and Egypt’s Supreme 
Council of Antiquities was left paralysed after 
its controversial but charismatic leader, Zahi 
Hawass, was forced to leave office in July. 


ADRYING DRUG PIPELINE The world’s best-selling drug, Lipitor 


(atorvastatin), racked up more than US$100 billion in sales for its maker 
Pfizer over the past 14 years. But that golden age ended when the patent 
expired on 30 November, and with more blockbuster drugs soon to lose 
their patent protection, a familiar question loomed: why is research pro- 
ducing fewer profitable drugs to take their place? All the usual coping 
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strategies were in evidence this year: companies slashed research budg- 
ets, and forged external collaborations with academia and with other 
firms. Most notably, in February, Sanofi struck a $20-billion deal to 
acquire the pioneering biotechnology firm Genzyme of Cambridge, 
Massachusetts. But some innovative treatments brightened the picture: 
boceprevir and telaprevir were the first two in an anticipated wave of 
hepatitis C drugs to win approval. They were joined by belimumab, the 
first drug approved to treat lupus in half a century, and ipilimumab, 
a treatment for advanced melanoma, which extended the small fam- 
ily of cancer drugs targeted at patients with a particular genetic pro- 
file. A fundamental breakthrough came from 
researchers led by Brian Kobilka at Stanford 
University in California. They captured the 
crystal structure of a key player on the surface 
of cells — the G-protein-coupled receptor — 
locked in an embrace with its protein partner. 
Between one-third and one-half of all drugs 
target these receptors, so understanding how 
they work could give industrial research and 
development a much-needed boost. 


SCIENTISTS UNDER PRESSURE tna 


year in which some scientific societies came 
under fire for shifting their human-rights 
work away from traditional campaigning on 
behalf of oppressed researchers, there were many examples of scientists 
who needed that support. In Iran, for instance, physics student Omid 
Kokabee was jailed and charged with spying; and in France, French- 
Algerian physicist Adléne Hicheur began his third year in jail without 
having faced trial. In the United States, the administration of President 
Barack Obama did make progress on a much-vaunted effort to draft 
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The end of the space-shuttle programme: Atlantis landed on 21 July. 


policies on scientific integrity, a response to charges of censorship under 
his predecessor George W. Bush. The policies would give scientists at US 
government agencies more freedom to discuss their work (see page 425). 


BRAVE NEW WORLDS After 30 years and 135 missions, the space- 


shuttle era is over. Atlantis touched down for the final time on 21 July, 
leaving NASA reliant on Russian Soyuz capsules to get astronauts off 
the planet. The space agency also struggled to contain the spiralling 
costs — $8.7 billion and rising — of the James Webb Space Telescope, 
whose funding was narrowly saved amid budget cuts. Although NASA‘s 
Glory probe, to measure solar output, crashed on take-off in March, 
other robotic craft soared. The Curiosity rover is en route to Mars, and 
the Juno probe is heading for Jupiter. The MESSENGER spacecraft 
entered orbit around Mercury, and the Dawn mission did likewise 
around Vesta in the asteroid belt. Closer to home, Aquarius began to 
measure the saltiness of Earth’s oceans from orbit. Meanwhile, China 


SCIENTIFIC PAPER TRAIL 


The top 40 countries by number of 
research papers published this year*, 
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bolstered its growing power in space, achieving its first space docking, 
and Russia tasted failure with its botched Mars mission, Phobos-Grunt. 
Europe finally lofted the first satellites of its Galileo navigation system 
into orbit. But the most thrilling space research was the flood of data 
on new extrasolar planets emerging from NASAs Kepler mission and 
from ground-based telescopes. So far, more than 700 new worlds have 
been identified — although none is quite Earth’s twin. 


SEQUENCING: CHEAP AS CHIPS Care for a fish-and-chip 


genome? The cod and the potato were among the many organisms 
unravelled by sequencing machines this year, but the most fascinating 
genomes were those that revealed humanity's past. The first complete 
genome of an Aboriginal Australian offered clues that pioneers left 
Africa for the south more than 60,000 years ago, and the genome of the 
Black Death pathogen Yersinia pestis, recovered from victims teeth, 
shed light on how the disease laid waste to Europe in the fourteenth 
century. Bacterial outbreaks nowadays can be sequenced as they hap- 
pen — as shown by the rapid identification of the Escherichia coli strain 
that wreaked havoc in northern Europe in the spring. That feat was 
achieved in three days by one of a new wave of chip-based sequencers, 
which manufacturers say will provide genomes for less than $1,000. 
Yet for all their promise, some makers of small and large sequencing 
devices announced miserable profits in the year’s third quarter, after 
biologists, fearful of falling research funding, held off buying new equip- 
ment. Instead, sequencing companies are eyeing up new markets in 
biomedicine, promoting the use of genetic tests and whole-genome 
sequencing to diagnose clinical diseases, which is starting to have life- 
changing effects. 


CUTS, CcuTS, CUTS Weve had the stimulus: now prepare for auster- 
ity. As governments pondered where and when to slash budgets, sci- 
entists once again rallied to make the case for funding basic research. 
After the United States narrowly avoided a government shutdown in 
April, most of its federal science agencies saw modest funding increases 
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Fallout: inspectors take stock of the damage to Fukushima Daiichi. 


proposed for 2012 — but the prospect of across-the-board cuts looms 
over 2013. In the United Kingdom, cuts to facilities made in 2010 began 
to bite as researchers lost funds for buildings and major equipment, 
although some of the cash was dribbled back in concessions through the 
year. In Spain, the Prince Felipe Research Centre, a flagship biomedical- 
research facility in Valencia, was forced into severe cutbacks, and the 
San Raffaele Scientific Institute in Milan, Italy, is accepting a rescue 
package backed by the Vatican after running up a debt of US$1.5 bil- 
lion. Non-governmental organizations also suffered: the Global Fund 
to Fight AIDS, Tuberculosis and Malaria said that it would not fund 
new grants until 2014 because of budget cutbacks. The dizzying growth 
of China’s economy, however, meant that its science budget expanded 
by 12.5% this year. And the European Commission was clearly feeling 
optimistic when it requested €80 billion (US$104 billion) for research 
under the Horizon 2020 proposals unveiled in November. 


IN THE SHADOW OF FUKUSHIMA Even Japan, the nation best pre- 


pared for a tsunami, was overwhelmed by the monster waves that struck 
the coast of Sendai on 11 March, following a magnitude-9.0 earthquake. 
Tens of thousands of people died, and hundreds of thousands were dis- 
placed. But it was the meltdown of three tsunami-damaged reactors at 
the Fukushima Daiichi nuclear plant — the worst nuclear disaster since 
Chernobyl — that soon gripped the world’s attention. Fortunately, wind 
carried much of the radioactivity out to sea. It took nine months before the 
reactors could be declared safely in cold shutdown; and it will take decades 
and hundreds of billions of dollars to clean up the plant. Unsurprisingly, 
energy policy in Japan — and in Germany, Italy and Switzerland — has 
turned abruptly against nuclear power. So where will the world find its 
low-carbon energy? Many countries are banking on recently discovered 
reserves of natural gas locked up in shale, accessible thanks to ‘fracking, 
in which rock is fractured with high-pressure fluids. But concerns that the 
process pollutes air and water sparked vociferous protests in the United 
States and a ban in France. Solar power went through turmoil too, as slow 
demand for solar panels, oversupply of products and materials, and wide- 
spread subsidy cuts bit deep into the industry’s profits. Several companies 


declared bankruptcy — including high-profile US start-up firm Solyndra 
of Fremont, California. The good news for consumers, however, is that 
solar-power modules are rapidly getting cheaper. 


LIVING IN THE ANTHROPOCENE ‘The worlds population passed 


7 billion this year, and our carbon emissions carried on rising too. Little 
wonder that geologists gathered in May to discuss whether human impact 
on the planet deserved recognition through the declaration of a new 
geological epoch: the Anthropocene. The year’s main climate-change 
conference in Durban, South Africa, ended with a last-minute agree- 
ment to work towards a global treaty to set emissions-reduction targets, 
bolstering political progress that included Australia instituting a carbon 
tax anda record low for deforestation in the Brazilian Amazon. For the 
3.4 billion people surviving on less than $2 a day, getting enough food 
and avoiding disease are more urgent priorities. And it is not getting any 
easier: after droughts and oil-price hikes, the cost of food staples reached a 
record high in February and dropped only slightly through the year. Help 
from the GAVI Alliance, however, came in the form of a new pneumo- 
coccal vaccine rolled out widely in February, and a rotavirus-vaccination 
programme to target childhood diarrhoea in Africa. In October, interim 
results from a huge phase III clinical trial of the RTS,S malaria vaccine 
candidate showed disappointing efficacy and no effect on mortality. But 
there was promising news in HIV: one trial showed that treating infected 
people with antiretroviral drugs early helped to prevent them spreading 
the virus, and two others suggested that giving antiretrovirals to healthy 
people reduced their chances of becoming infected. m 
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JAPAN’S PAIN 
The shattered village of Otsuchi testifies to the savagery of the magnitude-9 earthquake and 
subsequent tsunami that hit Japan’s Tohoku region on 11 March. It killed tens of thousands, left 
hundreds of thousands homeless and triggered a meltdown at the Fukushima nuclear plant. 
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OF THE YEAR 


Science saw farther than ever this year, 
glimpsing new wonders in the microworld and 
in the distant reaches of the Solar System. But 
some of the most powerful images were taken 
at an all too human scale, as the earth shook, 
volcanoes blew and mankind continued to 
threaten other species’ survival. Here are 
2011’s most striking pictures. 


Images selected by Nature's art and design team 
Text by Daniel Cressey 


UNFORGETTABLE 


This 400-um-long knot in graphene, tied by Zhen Xu and Chao Gao at 
Zhejiang University in China, shows exquisite control at the nanoscale. 
Xu and Gao spun flat liquid crystals of graphene oxide into flexible 
fibres metres long, and then converted them into graphene threads. 


CAGED FURY 


Rats don’t deserve their bad name, but this ball of fury won’t win over many murophobes. 
Russian scientists bred this aggressive rat strain to compare it with more docile creatures in a 
study on domestication that has teased out several genetic regions linked to tame traits. 


% 


CELLULAR CHRISTMAS 


Donna Stolz created a festive wreath by 
assembling images of mammalian cells 
from more than 25 experiments. The picture 
adorned her Christmas card last year 

x “ and won recognition for the University of 

‘ Pittsburgh biologist in the 2011 Nikon Small 

World photography contest. 


FLIGHT OF FANCY 


The iridescent interference patterns seen in 
the gossamer-thin wings of species such as the 
parasitic wasp Closterocerus coffeellae could 
be used by the insects as a method of visual 


. - — = : signalling, according to work led by Ekaterina ae 
3 =: : — Shevtsova of Lund University, Sweden. di 
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FINAL ENDEAVOUR 


We shall never see this sight again. Thirty years, 135 
flights and two disasters after the space shuttle first 
launched, Endeavour — pictured here in May docked 
to the International Space Station — and the rest of 
the shuttle fleet are retiring to museums. 


DOWN TO EARTH 


With the demise of the shuttles, Russia’s venerable Soyuz capsule is for now astronauts’ sole 
route to the space station. Looking more like a nineteenth-century diving bell than a twenty-first- 
century spacecraft, this capsule brought three astronauts down to Kazakhstan in November. 


DAWN PATROL 

Vesta’s scarred face was captured 
by NASA's Dawn craft as it orbited 
the 530-kilometre-wide denizen 
of the asteroid belt. The origin 

of the crater at the centre of this 
image, which contains a mountain 
15 kilometres high, is one of many 
mysteries Dawn will probe during 
its year-long reconnaissance. 


ULTRA-FLYWEIGHT 


Balanced on a dandelion, this ordered metal lattice could usurp 
other, structurally disordered, ultra-light materials. Tobias 
Schaedler of HRL Laboratories in Malibu, California, and his 
team created it by plating nickel-phosphorus onto a polymer 
microlattice, and then removing the polymer skeleton. 
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RHINO AIR 


A vertiginous helicopter ride took this black rhino on the first leg of a journey from its shrinking 
habitat in eastern South Africa north to Limpopo. But its cousin the western black rhino was less 


fortunate: it was one of 13 species and subspecies officially declared extinct this year. 


] 


BOOM! 


The beauty of a plume from the Puyehue—Cordén Caulle volcano complex in Chile was lost on the 
thousands of people forced to flee the area, and on those in neighbouring Argentina who were 


showered in ash from the eruption in June. 
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RELATIVITY 
CHALLENGER 


The shy experimentalist whose team claims 
to have found faster -than-light neutrinos 
is happy for the work to stand or fall. 


BY NICOLA NOSENGO 


ario Autiero can hardly keep track of his e-mails any more: 

hundreds keep pouring in from the media and his fellow physi- 
cists across the globe. “But the real problem is science amateurs,’ says 
Autiero, who works at the Institute of Nuclear Physics in Lyons, France. 
“They send e-mail upon e-mail saying that they had predicted it all” 

Autiero has been at the centre of this media storm, scientific scepticism 
and amateur theorizing since 23 September, when he and his colleagues 
at the international Oscillation Project with Emulsion-Tracking Appa- 
ratus (OPERA) experiment announced results that seemed to remove 
a cornerstone of modern physics. At a seminar at CERN, the particle- 
physics laboratory near Geneva, Switzerland, and in a paper posted on 
the arXiv.org website (http://lanl.arxiv.org/abs/1109.4897), the OPERA 
team described how neutrinos — fundamental particles with no elec- 
trical charge and very low mass — seemed to make the 730-kilometre 
journey from CERN to an underground laboratory at Gran Sasso in Italy 
some 60 nanoseconds faster than the speed of light would allow. Iftrue, 
the result will challenge Albert Einstein's theory of special relativity and 
force theoretical physicists to rewrite their textbooks. 

Autiero was caught off guard by the frenzy that ensued. “The media 
have a completely different timescale,’ says Autiero, a quiet, shy man who 
is clearly uncomfortable in the spotlight. “They want answers right away, 
whereas as a scientist I am used to spending years looking for them.” 

The experiment’ day job is to study how the three known types 
of neutrino oscillate, or switch between different identities, as they 
travel between Geneva and Gran Sasso. But Autiero realized that it also 
offered a chance to measure the particles’ speed with unprecedented 
precision. This would require complicated statistics to match the neu- 
trinos detected in Italy to the proton collisions that generated them 
in Switzerland, as well as extreme accuracy in measuring the distance 
between the particles’ points of departure and arrival. In March, the 
team thought it had finally solved these problems — but that left them 
facing a much bigger one. 

“When I first saw the data I was sure there was some mistake,’ Autiero 
recalls. The team spent the following months reanalysing the statistics, 
recalibrating the instruments and having them checked by independent 
institutes. The 60-nanosecond discrepancy refused to go away. “At that 
point, we had done all we could do with the data,’ Autiero says. “Tt was 
our duty to release them, so that others could look into them” 

The experiment’s advisory board felt the same. Still, a few OPERA 
members refused to sign the paper, and some scientists have criticized 
the team for telling reporters that the non-refereed preprint would be 
posted on arXiv.org. Astrophysicist Martin Rees of the University of 
Cambridge, UK, called the OPERA result an “embarrassment” and 
quoted the late astronomer Carl Sagan’s remark that “extraordinary 
claims require extraordinary evidence”. 

But Autiero finds the criticism baffling. “If you think your experiment 
is done properly,’ he says, “you should treat unexpected results as you 
would treat expected ones.’ Even more puzzling to him was the flood 
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of papers about the experiment posted on arXiv in the following weeks. 
Some of them “made valuable critiques and forced us to refine our 
work’, he says. “But mostly they pointed at trivial problems we had 
solved months ago.’ A hardline experimentalist who admits to being 
“religious” when it comes to the scientific method, he felt offended by 
some of those papers. 

Autiero thinks that the matter will be settled by the end of 2012. His 
team is repeating the experiment with a variation in how the neutrinos 
are generated at CERN, to rule out that process as a possible source of 
errors. On 17 November, the group released an updated arXiv preprint 
that included an analysis of 20 neutrinos from the repeated experiment, 
and simultaneously submitted the paper for publication in the Journal 
of High Energy Physics. This new version confirmed the initial result, 
and won back many of the collaborators who had refused to sign the 
initial paper. 

But the true test, Autiero says, will come from two neutrino 
experiments that are attempting to replicate the results: the Main Injec- 
tor Neutrino Oscillation Search, in which neutrinos fired from Fermilab 
near Chicago, Illinois, travel 720 kilometres to a detector in a mine in 
Minnesota; and T2K, which sends a beam from Tokai on the east coast 
of Japan to a detector in Kamioka, 300 kilometres to the north. Even if 
they prove the OPERA result wrong, Autiero says that he would not con- 
sider the experiment a failure. “Whatever happens, our most important 
contribution is not the result — it’s the way we did the measuring,” he 
insists. “We have refined a method others can now use, and this is what 
science is about.” m 
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PLANET SEEKER 


Inayear of exoplanet excitement, one astronomer is already asking 


what comes next. 


BY ERIC HAND 


KH undreds of years from now, says Sara Seager, “people 
will look back at us, and they won't remember me or 
you. They'll remember us as the generation of people who 
first found the Earth-like worlds” outside our Solar System. 

This year, scientists have come tantalizingly close, says 
Seager, an astronomer at the Massachusetts Institute of Tech- 
nology (MIT) in Cambridge. NASA’s Kepler space telescope, 
which monitors thousands of stars for dimming caused by 
an orbiting planet, has found 28 confirmed exoplanets this 
year, including one that is slightly bigger than Earth and in 
its star’s habitable zone. More than 2,000 await verification. 

But Seager, a member of the Kepler science team, wants to 
do better. Kepler can reveal a planet’s size and orbital radius, 
she explains. But to find out whether such a planet is Earth- 
like — with free oxygen or other signs of biological activity in 
its atmosphere — astronomers need a spectrum of the parent 
star’s light reflected from or transmitted through the atmos- 
phere. Because the stars in Kepler’s field of view are up to 
920 parsecs (3,000 light years) away, they are too dim for that. 

Seager wants to search for Earth-like planets no more 


than 30 parsecs away, close enough that their atmospheres 
could be studied. Her tool would be a 10 x 10 x 30-centi- 
metre space telescope designed to watch a single star for a 
planetary transit. Such an ‘ExoplanetSat’ would not be able 
to analyse spectra by itself. For that, Seager will need an 
orbiting telescope such as the Terrestrial Planet Finder, 
an ambitious concept that NASA put on ice in 2006. Buta 
fleet of ExoplanetSats could provide a resurrected planet 
finder with a map of where to look. Each ExoplanetSat 
would cost less than US$1 million. Rather than a telescope 
mirror, it would rely on a modified, $1,300 commercial lens. 
And dozens could be launched very cheaply, piggybacking 
on rockets carrying other missions. 

“Tm trying to do new things,” says Seager, who is teaching 
herself the necessary engineering and is aiming for a 2013 
launch. Her group has received roughly $3 million in funding 
from MIT, Draper Laboratory in Cambridge and elsewhere. 

Geoff Marcy, an astronomer at the University of Califor- 
nia, Berkeley, and one of the first exoplanet seekers, lauds 
Seager’s creativity in unfamiliar fields. “There are thou- 
sands of scientists working on exoplanets,” he says. “She's 
looking for something different.” m 
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SCIENCE 
REVOLUTIONARY 


An engineer was catapulted from 
Tahrir Square to Egypt’s parliament 
and fought to rebuild science. 


BY MOHAMMED YAHIA 


A: academics joined the millions protesting in Egypt's streets this 
spring, the voice of one engineer soon began leading chants. Essam 
Sharaf was in the thick of demonstrations in January, and he became the 
first prime minister ofa post-revolution cabinet in March — promoting 
science as a solution to the country’s woes. But by November, he had 
resigned amid a second surge of popular protest. 

The 59-year-old Sharaf was born in Egypt and earned degrees in engi- 
neering from Cairo University and Purdue University in West Lafayette, 
Indiana. By 2010, he was an academic engineer at Cairo University and 
a fierce critic of Egyptian President Hosni Mubarak’s regime. 

Sharaf’s stance during the uprising made him popular with the young 
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POLLUTION COP 


The top US environment official has 
faced relentless attacks on the country’s 
pollution regulations. 


BY JEFF TOLLEFSON 


L* Jackson knew from the start of 2011 that she would face a rough 
year as head of the US Environmental Protection Agency (EPA). 
Republican conservatives had just swept the board at the 2010 congres- 
sional elections, and they took over the House of Representatives vowing 
to handcuff the EPA, which they viewed as a prime example of big gov- 
ernment run amok. One hostile lawmaker advised Jackson to get her 
own parking space on Capitol Hill because Congress would be calling 
her in regularly to defend her agency and the environmental agenda 
of President Barack Obama. Jackson has testified before Congress 
11 times this year. 

The Republican hostility has its roots in one of Jackson's first major 
decisions after taking the helm of the EPA in 2009. A chemical engineer 
turned public servant, Jackson issued a scientific assessment formally 
declaring that greenhouse gases pose a threat to human health and 
welfare. That ruling set the stage for the EPA to regulate greenhouse- 
gas emissions under the Clean Air Act, and Jackson immediately went 
to work. Looking back, she says the ruling represents a long-awaited 
triumph of science after years of delay and obfuscation about climate 
research under the previous administration. “Restoring that science I 
hope will be among the hallmarks of the Obama EPA,’ she says. 

The ruling has led to a series of decisions that have provoked 


revolutionaries. He was high on their list of candidates to lead the new 
transition government, along with Nobel laureate Ahmed Zewail, a 
chemist from the California Institute of Technology in Pasadena. When 
Sharaf was chosen, hundreds of thousands of revolutionaries gathered 
to greet him in Tahrir Square. “If can't bring the change you want, then 
I will return to the lines with you,’ he told them. 

Once in office, Sharaf said that science could solve many of Egypt’s 
dire developmental problems, ranging from water security to energy. 
His cabinet began drafting plans to improve the education system and, 
in June, he approved a long-standing proposal by Zewail to build a uni- 
versity of basic and applied research. “Countries do not move forward 
except with scientific research,’ said Sharaf at the launch of the project, 
to be called the Zewail City for Science and Technology. “Without ques- 
tion, he has been a visionary engineer,’ says Kumares Sinha, a professor 
of civil engineering at Purdue University who once supervised Sharaf. 
“Over the years he has been a strong advocate for science and engineer- 
ing in the Arab world as a way to advance and reform the society.” 

But that success in advocating for science did not carry over to poli- 
tics. Critics accused Sharaf’s cabinet of weakness, believing that all 
real power lay in the hands of the military junta. When this discon- 
tent erupted into violent protests in November, Sharaf and his cabinet 
resigned. Elections took place in November for a new parliament, which 
should be in place early next year, and a presidential election will be held 
in June. For now, the future of science in Egypt is as uncertain as that of 
the reinvented country itself. m 
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Republican ire. The Obama administration has worked with auto- 
mobile makers over the past three years to establish fuel-efficiency 
and greenhouse-gas-emissions standards, the president's signature 
environmental achievement thus far. The EPA has also begun rolling 
out requirements for major industrial facilities and, despite delays, 
is preparing to issue the first-ever greenhouse-gas standard for 
US power plants and refineries. 

Jackson's EPA has also targeted smog-forming pollutants as well 
as mercury and other toxic chemicals from industrial facilities and 
power plants. In October, the agency announced plans to regulate 
the waste water generated by shale-gas development, which involves 
injecting water and chemicals at high pressure into gas-bearing rocks, 
an activity that many fear could pollute groundwater resources. 

The Republican Congress has fought these efforts, arguing that pol- 
lution regulations cost jobs and resources at a time when the country 
is short of both. As of November, by Jackson's count, Republicans had 
brought more than 170 attacks on basic environmental protections 
up for vote this year, although none of their efforts to weaken existing 
regulations was successful. 

Even Jackson's critics acknowledge that she holds up well under fire 
and has succeeded in pushing through some significant environmental 
regulations. “She's been very effective,” says Jeff Holmstead, an attorney 
at Bracewell and Giuliani in Washington DC, who headed the EPAs air- 
quality programme under former president George W. Bush. 

Environmentalists, however, were hoping for much more from 
the Obama administration. Already angry about the slow pace of 
greenhouse-gas regulations, they were incensed when Obama over- 
ruled Jackson and quashed the EPA’s proposed standards for ozone 
pollution. But most realize that an EPA chief has limited power, says 
Frank O’Donnell, who heads the advocacy group Clean Air Watch in 
Washington DC. He adds, “Jackson herself has done as strong a job as 
anybody possibly could under the circumstances”. = 


DIEDERIK 
STAPEL 


FALLEN STAR 


A psychologist’s spectacular fraud 
became an example in open investigation. 


BY EWEN CALLAWAY 


Ds: social psychologist Diederik Stapel had been called one of z 
the ‘bright thrusting young stars’ of the field before his career $ 


imploded this autumn over fraudulent research. In prominent 
studies that explored prejudices and stereotypes, Stapel didn't just 
fudge data, he fabricated entire experiments — seemingly for much 
of his career, according to a preliminary report issued on 31 Octo- 
ber by the three university committees investigating his work. 
They are still sifting through data from approximately 150 pub- 
lished papers to catalogue Stapel’s misdeeds for a final report to 
be issued next year. 

Stapel’s case is unusual not only for its scale, but also for the 
speed and transparency of the investigation. Officials at Tilburg 
University in the Netherlands, where Stapel was dean of the School 
of Social and Behavioural Sciences, announced his suspension and 
their plans to investigate in early September, just days after students 
alerted them to irregularities in his published data. Pim Levelt, 
director emeritus of the Max Planck Institute for Psycholinguistics 
in Nijmegen, the Netherlands, headed the Tilburg investigation and 
says that the committee acted rapidly and openly in the interests of 
Stapel’s former students and collaborators. “There are co-authors 
who are losing most of their publications, and that is really a disaster 
when you are starting a science career,’ he says. 

Levelt says that he drew lessons from other investigations, 
including the high-profile case of Marc Hauser, the former Harvard 
University psychologist who resigned this year after being found 
guilty of eight counts of research misconduct. The details of what 
Hauser did, however, are still unclear. “I was not very pleased by the 
Hauser case. It was a bit secretive, the final report was very short, and 
it took them three years,’ Levelt says. 

But Daniele Fanelli at the University of Edinburgh, UK, who 
studies research misconduct, says that the committees investigating 
Stapel had much more freedom. Stapel quickly confessed and even 
identified papers that contained fabricated data. (He has since 
returned his PhD to the University of Amsterdam and reportedly 
sought mental-health care.) In cases in which accused scientists 
dispute the charges, Fanelli says, universities have to keep the investi- 
gations under wraps. a 
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ROSIE 
REDFIELD 


CRITICAL 
ENQUIRER 


A blogger’s quest to replicate ‘arsenic life’ led 
to aremarkable experiment in open science. 


BY ERIKA CHECK HAYDEN 


he appeared like a shot out of the blogosphere: a wild-haired 

Canadian microbiologist with a propensity to say what was on her 
mind. And on 4 December 2010, what was on Rosie Redfield’s mind 
was arsenic — specifically, a paper published two days earlier in Science, 
in which researchers funded by NASA claimed to have found bacteria 
that could incorporate arsenic into their DNA in place of phosphorus 
(E. Wolfe-Simon et al. Science 332, 1163-1166; 2010). If true, the finding 
showed that life could be supported by a form of biochemistry radically 
different from the one we know. But Redfield’s blog entry on the paper 
pulled no punches. “Basically, it doesn’t present ANY convincing evi- 
dence that arsenic has been incorporated into DNA,’ she wrote. 

Redfield kicked off a frenzy of criticism of the ‘arsenic-life’ paper in 
the blogosphere and the media. In June, Science published eight critiques 
of the paper. But that month, Redfield took matters into her own hands: 
she began attempting to replicate the work in her lab at the University 
of British Columbia in Vancouver, and documenting her progress on 
her blog (http://rrresearch.fieldofscience.com). 

The result has been a fascinating story of open science unfolding over 
the year. Redfield’s blog has become a virtual lab meeting, in which scien- 
tists from around the world help to troubleshoot her attempts to grow and 
study the GFAJ-1 bacteria — the strain isolated by Felisa Wolfe-Simon, 
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CHILD OF 
THE TIMES 


The ‘7-billionth baby’ was born into a world 
that is approaching a population plateau. 


BY DECLAN BUTLER 


Oo: 31 October, the United Nations declared, the world’s population 
reached 7 billion. Danica May Camacho, born on that day in the 
Philippines, was the first of several babies acclaimed for having nudged 
the population over the threshold. The choices were symbolic: the United 
Nations can at best only estimate that humanity will pass 7 billion some- 
time this year or next. But putting a face to the number drew attention to 
the challenges of absorbing a larger population and prompted a slew of 
Malthusian doomsayers to lament an overpopulated world. 

Yet the underlying population story is not that there are now 7 billion 
people, nor that humanity’s numbers will rise to somewhere around 
10 billion by 2050. It is the dramatic slowing of population growth. 
The raw data reveal that the number of annual births, which had been 
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growing for centuries, peaked around 1990 at roughly 135 million, and 
has declined since then. “The world reached peak child before peak 
oil,” says Hans Rosling, an epidemiologist at the Karolinska Institute in 
Stockholm. That is mostly because family size in the majority of poorer 
nations has been shrinking for decades, thanks to economic growth, 
improved family planning and decreased child mortality. Much of the 
developing world is closing in on the population-replacement fertility 
rate, about two children per woman. 

Annual population growth has already dropped from 1.8% around 
1950 to 1.1% in 2010 and is expected to reach zero around 2060-80. 
This has knock-on effects: in Africa, where the population has been 
growing fastest of late, the median age is set to increase, bringing most 
of the population into working age. This demographic dividend is likely 
to spur economic growth. 

Even if the population problem is abating, the sheer number poses 
challenges for humanity and the planet. The remedies needed in the 
next decades are much the same as those needed today: reduce pov- 
erty to tackle the root cause of hunger and to accelerate the fall in 
population growth; develop sustainable agricultural practices that 
increase food production without gobbling up extra land, water and 
other resources; develop renewable energy sources and boost energy 
efficiency to deliver the power that the world will need while avoiding 
more global warming. 

We may have defused the population bomb, but 1 billion people 
remain hungry and the planet's resources are stretched thin. m 
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lead author of the Science paper and a microbiologist who worked in 
the lab of Ronald Oremland at the US Geological Survey in Menlo Park, 
California. For months, Redfield could not get the GFAJ-1 bacteria to 
grow reproducibly on a medium containing arsenic. Finally, in Novem- 
ber, the bacteria took off. Redfield now plans to check whether they 
have incorporated arsenic into their DNA, but it will take even more 
work to show that they can survive without any phosphorus. 

To Redfield, the exercise has shown how social media tools are 
binding science into a community closer than it has been since the 
early twentieth century, when it was possible for scientists to person- 
ally know everyone in their field. “Scientists are much more able to 
communicate with people we don't know, and to learn from people 
we've never met,’ she says. 

Before arsenic life, Redfield was known in the evolutionary- 
microbiology community for championing the relatively unpopu- 
lar idea that bacteria evolved the ability to take up DNA from their 
environment for the purposes of nutrition, not sex. So although much 
has been made of Redfield’s criticism of Wolfe-Simon — a blogger 
on Gizmodo.com, for instance, photoshopped a picture of the two 
glaring lightning bolts at each other — Redfield says that her lonely 
defence of her own unpopular hypothesis has made her sympathetic 
to Wolfe-Simon. “I’m in that position; it’s not that people doubt my 
experiments; they doubt my interpretation,” she says. Like Redfield, 
many scientists now believe that the conclusions of Wolfe-Simon and 
her team were incorrect because the researchers didn't rule out the 
possibility that their cultures were contaminated with phosphorus. 
Wolfe-Simon’s team has argued that any background phosphorus was 
insufficient to support the bacterial growth it observed. 

Ford Doolittle, a biochemist who hired Redfield for her first faculty 
job and is now at Dalhousie University in Halifax, Canada, says that 
Redfield’s work has proved a point by showing how science is sup- 
posed to work. “Science is way too uncritical of itself? says Doolittle. 
“We need more Rosies out there.” = 
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MIKE 
LAMONT 


THE HIGGS 
MECHANIC 


The engineer who keeps the Large Hadron 
Collider running brought physics closer 
than ever to completing the particle zoo. 


BY EUGENIE SAMUEL REICH 


t was standing room only in the auditorium at CERN on 

13 December, when physicists at the Large Hadron Collider (LHC) 
presented the best indications yet that the long-sought-after Higgs 
boson might have been found. But the man who keeps the particles 
colliding was absent. Mike Lamont heads the LHC operations group, 
which was holding its own workshop on the machine’s function. The 
group of about 80 engineers staffs the LHC control room in shifts 
and coordinates hundreds of others working on the superconduct- 
ing magnets, accelerating chambers and other equipment arrayed 
around the LHC’s 27-kilometre ring near Geneva, Switzerland, all 
to keep the data flowing without overtaxing the machine. 

This year, the LHC produced 500 trillion proton—proton colli- 
sions, 100 times more than in 2010, generating a torrent of data that 
has allowed scientists to collect suggestive — but not definitive — 
indications of a Higgs boson with a mass of about 125 gigaelectron- 
volts. Lamont had spent the year carefully edging up the number of 
collisions by injecting more protons into each of the bunches speed- 
ing around the ring, packing the bunches more tightly and tightening 
the colliding beams to an ever-smaller focus. He also had to solve 
day-to-day problems, such as radiation damage to beam-line elec- 
tronics and ‘UFOs’ — unidentified falling objects — that occasion- 
ally plummet into the path of the beam and interrupt experiments. 

Lamont, a physicist who joined the LHC preparation team in 2001, 
was among those who worked frantically to restart the machine after 
an accident in 2008 shut it down. He insists that getting the collider 
back online was all down to teamwork. His goal for the next year is to 
deliver three times more data than in 2011 — hopefully enough either 
to confirm that the hint of the Higgs was real, or to rule it out. “The 
experiments are like hungry chicks. They always want more, he says. m 
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TATSUHIKO 
KODAMA 


TECH EXEC 


From flexible circuitry to miniature 
solar cells, this engineer has a knack for 
turning physics into technology. 


BY ERIC HAND 


he bulky crate in the back of the delivery truck didn’t look like 

much, remembers John Rogers, thinking back to 1996 and his 
time as a postdoctoral fellow in physical chemistry at Harvard Univer- 
sity in Cambridge, Massachusetts. But inside was his first commercial 
product, the InSite 300. It was designed to shine laser light on thin 
films and listen for an acoustic echo that would reveal their thick- 
ness and elastic properties without touching them. Active Impulse 
Systems, the start-up company he had co-founded a year earlier, had 
just sold its first InSite 300 for US$400,000 to a California firm that 
made semiconductor tools. In that moment, as Rogers posed with his 
colleagues for a jubilant snapshot in the back of the truck, he knew 
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FUKUSHIMA’S 
GADFLY 


The emotional academic who challenged 
his government and took nuclear clean-up 
into his own hands. 


BY DAVID CYRANOSKI 


yi pees Kodama began his testimony calmly. But a few minutes 
into his speech before the Japanese parliament’s health and 
welfare committee on 27 July, the biologist’s tone grew sharp — and 
then downright angry — as he blasted the Japanese government for 
not accurately reporting the amount of radiation that had leaked from 
the Fukushima Daiichi nuclear power plant after the earthquake on 
11 March. “This is clear negligence on the part of the government,” he 
shouted. “With 70,000 people wandering around, unable to go home, 
what is the government doing?” 

The 16-minute rant has since been viewed around one million times 
on YouTube, and Kodama, who is head of the Radioisotope Center 
of the University of Tokyo, quickly became known as the ‘emotional 
scientist’ spokesman for the victims of the Fukushima disaster. Jour- 
nalists and local governments sought his advice on how to deal with 
the ongoing nuclear crisis, and he helped local governments to initiate 
some evacuation and decontamination efforts — all while the central 
government dawdled. 

“He's been a real driving force,” says Kaname Tajima, a ruling-party 
politician in charge of nuclear-disaster measures, who was stationed in 
Fukushima from June to September. 

Sitting in his office in October, Kodama quietly recounts what led to 
his impassioned rant. He says that the information breakdown started 


what he wanted to do with his life. “Physics for physics’ sake is great,” 
he says. “But if you can do physics for the sake of technology, I think 
that might be the way to go.” 

That attitude goes a long way towards explaining how Rogers came to 
win this year’s Lemelson-MIT award for innovation — not to mention 
a MacArthur Foundation ‘genius’ fellowship in 2009. Now the head ofa 
40-person lab at the University of Illinois at Urbana~Champaign, Rog- 
ers still freely combines techniques from physics, chemistry, materials 
science and even bioengineering — and continues to pile up patents and 
spin-off companies. “That transition from a scientific idea to an engi- 
neering prototype — he’s unbelievably good at it; says George White- 
sides, who mentored Rogers during his postdoc. 

A case in point is Rogers's work on flexible electronics, a crowded 
field that he joined about five years ago. The goal is to make electronic 
devices that can be worn rather than held — woven into clothes, say, 
or moulded to the body. But whereas many of his materials-science 

colleagues were working with organic materi- 


> NATURE.COM als, Rogers gave brittle silicon another chance. 
Vote for your 2011 He found that ultra-thin silicon circuits printed 
Newsmaker in our onto an elastic surface could be highly flexible — 
online poll: and retain the benefits of silicon’s low cost and 
go.nature.com/gevzox high performance. 
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Ones to watch 


2012 


NASA GODDARD SPACE FLIGHT CENTER 

When the Mars Science Laboratory lands, 
the instrument that he runs will sniff for 
traces of methane, a gas that could be a clue 


to life. 


NEW YORK STEM CELL FOUNDATION 

This year he reprogrammed a human egg 
and derived embryonic stem cells — but 
with three sets of chromosomes. Tweaks 
could produce ‘diploid’ lines. 


SPACEX 


commercial space flight. 


in the first days after the disaster, when the government decided not to 
release data from an ¥11-billion (US$141-million) system created to 
forecast how radiation spreads after a nuclear accident. The government 
claimed that because data were sparse, the system might cause unwar- 
ranted panic. That suggestion angers Kodama, who says that the Nuclear 
Safety Commission “should not be worried about confusion or panic. 
The specialist committee's major mistake was trying to act as politicians 
rather than scientists.” Without the simulation results, which turned out 
to match later reports of a plume of radiation stretching to the northwest 
of the plant, evacuees from one high-radiation area fled to another. 

Then, the Nuclear Safety Commission and the parliament bickered 
over whether safety levels should be set at 20 millisieverts or 1 millisiev- 
ert, delaying decontamination efforts and further confusing citizens. 
“While these committees were arguing, the situation was getting worse 
and worse. That’s another thing that makes me mad,” says Kodama. 

The academic eventually got the government’ ear. The week after 
his rant, Tajima visited him. The following week, Kodama met then 
prime minister Naoto Kan, and advised him to get more data from the 
worst-affected areas. 

Kodama, who is responsible for the safe operation and maintenance of 
the University of Tokyo’ 27 isotope facilities, was already advising local 
officials about contamination. In late May, he started working in Minami- 
soma, a coastal city with around 70,000 inhabitants that straddles the 


One result of this work is a spin-off company based in Cambridge, 
Massachusetts, called mc10, that is working with the sporting-goods 
giant Reebok to roll out a product in 2012 that, Rogers says, will 
measure an athlete’s “kinetic health and well-being”. He wants to 
get inside the body, as well — mc10 is in the process of develop- 
ing membranes studded with electrodes that can wrap around the 
brain or heart to provide neurologists and cardiologists with vastly 
improved diagnostic maps (J. Viventi et al. Nature Neurosci. 14, 
1599-1605; 2011). 

Another spin-off co-founded by Rogers — Semprius, based in 
Durham, North Carolina — aims to make photovoltaic arrays that 
produce solar energy for less than 10¢ per kilowatt-hour, which would 
make the arrays competitive with coal or gas technologies. The com- 
pany relies on a transfer-printing technique developed by Rogers to 
peel tiny, high-efficiency solar cells off gallium arsenide wafers and put 
them onto arrays (J. Yoon et al. Nature 465, 329-333; 2010). 

For all the razzle-dazzle of his ideas, however, Rogers in person is 
laid-back, agreeable and modest. It is telling that he is spending his 
MacArthur and Lemelson-MIT prize money not on himself, but on 
supporting students whose ideas might be too risky for government 
grants. “Life is short,’ he says. “I want to be able to point to a few things 
where we were able to have an impact.” m 


His SpaceX Dragon capsule is scheduled 
to dock with the International Space 
Station early next year —a milestone for 


MM 


SOUTH AFRICAN SPRINTER 

His efforts to qualify for the 2012 Summer 
Olympics on carbon-fibre artificial limbs are 
set to reignite debate about technology’s 
impact on human performance. 


CENTER FOR GEOGENETICS, COPENHAGEN 

This year, he tackled an Aboriginal Australian 
genome and extinct megafauna. Next year, 
his palaeogenetic sequencing ventures are 
bound to surprise. 


border of the 20-kilometre mandatory evacuation zone. On his counsel, 
the local government encouraged pregnant women and children, who 
face an increased risk from radiation exposure, to evacuate from those 
areas outside the exclusion zone that had elevated radiation. Later, such 
advisories became common in the wider affected region. Kodama also 
started emergency decontamination efforts in Minamisoma, teaching 
town administrators how to measure radiation and look for micro-hot- 
spots. 

“You cant just measure, you have to look for the source,’ says Yoshiaki 
Yokota, a member of the local school board whom Kodama taught. 
“Before he showed me, I knew nothing about radiation” 

Kodama’ frustration continues. He says that the government is still 
not doing enough to help the victims, and he opposes plans to build a 
state-of-the-art ¥100-billion hospital in Fukushima city, arguing that 
support should be spread out more widely. 

He also says that the government is still not releasing enough infor- 
mation. A ban on entry to the exclusion zone has kept scientists from 
sizing up the true situation in the area and has hampered the work 
of journalists. Kodama calls it a “censorship that is quite unusual in 
democratic countries”. 

“The lesson from Chernobyl for the Japanese government is that there 
is so much psychological scarring, so we can never put too much infor- 
mation out there,” he adds. = 


ROGERS 
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The mass protests in Egypt this year were dubbed a ‘Twitter revolution’ because of the way they were broadcast around the world through social media. 


The new history 


The past year has shown how prone a highly networked society is to abrupt change. The 
future of our complex world, says Philip Ball, depends on becoming resilient to shocks. 


Fukuyama, now at Stanford University 

in California, predicted that the world 
was approaching the “end of history”*. Like 
many smart ideas that prove to be wrong, 
Fukuyama’s thesis was illuminating pre- 
cisely because of its errors. Events of this 
year help to reveal why: they were shaped 
by the unprecedented complexity of today’s 
sociopolitical systems. 

After the Soviet Union collapsed, Fukuyama 
argued that liberal democracy would be the 
logical and stable end point of civilization. 
Yet this prospect looks more remote today 


E the 1990s, political scientist Francis 


than it did at the end of the twentieth century. 
Protest movements in the fallout from the 
financial crisis have legitimately challenged 
the economic system on which recent lib- 
eral democracies have been based. The grave 
debt crisis in Greece has prompted questions 
over the usefulness of democracy’s ultimate 
tool, the national referendum, and Italy’s eco- 
nomic woes have prompted the appointment 
ofanon-elected prime minister. The political 
situations in Russia and Turkey suggest that 
democratization is not inexorable, and North 
Africa and the Middle East show that it can 
even inflame conflict. Meanwhile, China 


continues to show that aggressive capitalism 
depends on neither liberalism nor democracy. 
As a 2008 report from the US National Intel- 
ligence Council admits, “the Western model 
of economic liberalism, democracy, and secu- 
larism, which many assumed to be inevitable, 
may lose its luster”. 

The real shortcoming behind Fukuyama’s 
thesis, however, is not his faith in the ascend- 
ance of democracy, but his assumption that 
history is gradualist: that tomorrow will not 
differ much from today. Instead, the common 
talk among political analysts now is of dis- 
continuous change’. Discontinuities have 
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> always been with us, in the shape of wars 
and economic crises, for example. But today, 
sudden disruptive events don't just happen 
against a slowly evolving social backdrop — 
they are woven into the fabric of global affairs. 

Take the terrorist attack on the World 
Trade Center's twin towers in New York in 
2001. Many said that this proved Fukuyama 
wrong — but ten years later, we can see more 
clearly in what way this was so. It was not sim- 
ply that the attack was a significant historical 
event — Fukuyama never claimed that those 
would cease. Rather, it was a harbinger of a 
new world order, which the subsequent ‘war 
on terror failed catastrophically to acknowl- 
edge in its attempt to establish conventional 
battlegrounds in Afghanistan and Iraq. Not 
only were those wars in no sense ‘won, the 
conflicts were barely wars at all. Armed con- 
flict is no longer corralled from peacetime by 
national declarations and treaties. It is nowa 
diffuse, nebulous affair: a network of insur- 
gents, militias, terrorist cells, suicide bombers 
and overlapping and sometimes competing 
‘enemy’ organizations. We have had to say 
farewell to war and peace. 


INTERNAL FEEDBACK 

The nature of discontinuous change is often 
misunderstood. It is sometimes said — this 
is literally how traditional economists defend 
their failure to predict the ongoing financial 
and national-debt crises — that no one can 
be expected to foresee such radical depar- 
tures from the quotidian. They emerge, like 
a hijacked aircraft, out of a clear blue sky. Yet 
social and political discontinuities are rarely, 
if ever, random in that sense, even if their 
immediate triggers have a certain arbitrary 
character. Rather, they are abrupt in the same 
way, and for the same reasons, that phase 
transitions are abrupt in physics. In complex 
systems, including social ones, discontinuities 
dontt reflect profound changes in the govern- 
ing forces; they derive from the interactions 
and feedbacks between the component parts. 
Discontinuities are therefore precisely what 
you would expect if you consider today’s soci- 
eties from a complex-systems perspective. 

Experience with natural and technological 
complex systems teaches us that highly con- 
nected networks of strong interactions, such 
as power grids, food webs and computer net- 
works, have a propensity for catastrophic 
failure and systemic rupture* — in short, for 
discontinuous change. So it should come as 
no surprise that today’s highly networked, 
interconnected world is prone to abrupt 
changes in course. 

This phenomenon can be discerned in the 
revolts in Tunisia and Egypt, dubbed Twitter 
revolutions because of the way that unrest and 
news of demonstrations were spread through 
social networks. Although saying that Twitter 
caused the revolts is an over-simplification, 
the networking clearly enabled a random 


event to trigger a major one. The Tunisian 
revolt was set in motion by the self-immola- 
tion ofa street vendor, Mohamed Bouazizi, in 
Sidi Bouzid, in protest at harsh treatment by 
officials. Three months earlier, a similar thing 
had happened in the city of Monastir — but 
few people knew about it because it was not 
publicized on Facebook. 

It was surely not without reason that both 
the Tunisian and the Egyptian authorities shut 
down Twitter and Facebook. The issue is not 
so much that these media ‘caused’ the revolu- 
tions, but that they — and their concomitant 
potential for mobilizing the young and edu- 
cated — can alter the way things happen in 
North Africa, the Middle East and beyond. 
The same tools are now vital to the ‘Occupy’ 
protests that are disrupting complacent finan- 
cial districts worldwide, from New York to 
Taipei, drawing 


“Social ae attention to issues 
discontinuities of social and eco- 
are abrupt in nomic inequality. 

the same way, Social media 
and for the seem also to have 
same reasons, the potential to 
that phase facilitate qualita- 
transitions tively new collective 
are abrupt in behaviours, such as 


the riots during 
the summer in the 
United Kingdom. These brief, destructive 
paroxysms are still an enigma. Unlike previ- 
ous riots, they were confined neither to par- 
ticular demographic subsets nor to areas of 
serious social deprivation. They had no obvi- 
ous agenda, not even a release of suppressed 
communal fury — although they must surely 
have been linked to post-financial-crash aus- 
terity policies. Interaction and feedback, not 
pre-meditation, seem to lie at their core. 


physics.” 


WITHSTANDING SHOCKS 

What these events really point to is the pro- 
found effect of globalization. They show 
how deep and dense the interdependence 
of economies, cultures and institutions has 
become, in large part thanks to information 
and communication technologies. And with 
this transformation come new, spontaneous 
modes of social and political organization, 
from terrorist and protest networks to online 
consumerism, that are especially prone to 
discontinuous change. Nothing that fails 
to take this new interconnectedness into 
account will work: not the economy, not 
policing, not democracy. 

Such extreme interdependence makes it 
hard to pinpoint, or even to meaningfully 
define, the causes of major events. The US sub- 
prime-mortgage problem caused the financial 
collapse only in the way that Bouazizi’s self- 
immolation caused the Arab Spring — some- 
thing else could equally have set the events 
in motion. The real vulnerabilities were sys- 
temic: webs of dependence that had become 
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destabilized by, say, runaway profits in the 
US banking industry, or rising food prices in 
North Africa. This means that potential solu- 
tions must lie within such webs too. 

Complex systems can rarely, if ever, be con- 
trolled by top-down measures. They must be 
managed instead by guiding the trajectories 
from the bottom up’. In a simple example, 
traffic lights tend to direct flows more effi- 
ciently if they are given adaptive autonomy 
and allowed to self-organize their switching, 
rather than following a rigid, supposedly 
optimal sequence’. The Internet can survive 
random server failures without a disruption 
to service precisely because no one designed 
it — it grew its own adaptive topology. 

This does not imply that political interven- 
tions are doomed to fail, just that they must 
take forms different from those commonly 
used today. “Complex systems cannot be 
steered like a bus,” says Dirk Helbing of the 
Swiss Federal Institute of Technology (ETH) 
in Zurich, a specialist on the understanding 
and management of complex social systems. 
“Attempts to control the systems from the 
top down may be strong enough to disturb 
its intrinsic self-organization but not strong 
enough to re-establish order. The result 
would be chaos and inefficiency.” 

But these systems are still manageable, 
Helbing insists — not by imposing structures 
but by creating the transactional rules needed 
to allow the system to find its own stable 
organization. Healthy financial markets 
can't be imposed by central management, for 
example: they must be grown by finding rules 
that promote systemic robustness. 

That's why theories or ideologies tend to be 
less effective than scenario modelling at pre- 
dicting or averting crises. It is why problems 
need to be considered at several hierarchical 
levels, probably with multiple, overlapping 
models. And it is why solutions must have 
scope for adaptation and flexibility. 

Cascading crises and discontinuous 
changes may be unpredictable, but the con- 
nections and vulnerabilities that permit 
them are not. Planning for the future, then, 
might not be so mucha matter of foreseeing 
what could go wrong as of making our sys- 
tems and institutions robust enough to with- 
stand a variety of shocks. This is how the new 
history will work. m 


Philip Ball is a writer based in London. 
e-mail: p.ball@btinternet.com 
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ILLUSTRATION BY DAVID PARKINS 


The paper 
is not sacred 


Peer review continues long after a paper is published, 
and that analysis should become part of the scientific 
record, say Adam Marcus and Ivan Oransky. 


r “two months after we started a blog 
that tracks scientific retractions — 
Retraction Watch — in 2010, one of 

us (A.M.) told The New York Times that we 

weren't sure we would have enough mate- 
rial to post with any regularity. That con- 
cern turned out to be unfounded — in just 

16 months, we have written about some 

250 retractions. Little did we know that, in 

scientific publishing, 2011 would become 

the Year of the Retraction. 

Here’s what grabbed everyone’s atten- 
tion: retractions have increased 15-fold 
over the past decade, while the number of 
papers has risen by less than 50% (see Nature 
478, 26-28; 2011). It is not clear why, and 
it is always dangerous to draw too many 
conclusions from what is a relatively rare 
occurrence — some 300 retractions among 
1.4 million papers published annually. About 
90 retractions, after all, have come from one 
author, Joachim Boldt, a German anaesthe- 
siologist, largely because he failed to obtain 
the appropriate approvals for his research. 

Still, it is clear that software that detects 
plagiarism has played a part in the retraction 
spike, as has the larger number of eyeballs on 
papers, thanks to the Internet. It is important 


to point out that an increase in retractions 
isn't necessarily a bad thing, because they 
correct the scientific record. But the greater 
visibility of papers and retractions today 
adds to the evidence revealing why editors 
need to handle retractions more transpar- 
ently. In turn, researchers need to stop 
emphasizing the paper so much. 

What is needed, instead, is a system of 
publication that is more meritocratic in its 
evaluation of performance and productivity 
in the sciences. It should expand the record 
of a scientific study past an individual 
paper, including additional material such as 
worthy blog posts about the results, media 
coverage and the number of times that the 
paper has been downloaded. 

The expanded model would also make 
it crystal clear to readers when a paper has 
been corrected or retracted, and why. This 
would start with better notices from jour- 
nals to explain those changes. Take the 
retraction’ of a paper earlier this year in The 
EMBO Journal by immunologist Silvia Bul- 
fone-Paus. Bulfone-Paus was at the centre of 
a misconduct scandal at the Research Cen- 
tre Borstel in Germany, where she stepped 
down as lab head under pressure in 2010. 


The Borstel board found her “ultimately 
responsible” for the misconduct in her lab 
and for failing to deal with it in a timely and 
open manner. (Bulfone-Paus has made few 
public statements about the case, but she 
has noted that her results were confirmed 
by other researchers.) In 2011, journals 
retracted 13 of her published articles, the 
stated reasons varying from detailed expla- 
nations such as “evidence of data manipula- 
tion in Fig. 2C, 4B, and 9, a clear violation 
of ASM’s ethical standards”, to the wholly 
unhelpful “This article has been withdrawn 
by the authors”. 

Lines like the latter make us want to pull 
out whatever hair we have left on our heads. 
Journal readers should find them similarly 
frustrating. But we singled out this particu- 
lar notice for concern not because it said too 
little, but because, in our view, it allowed the 
authors to say too much. 


TOO LAISSEZ-FAIRE? 

The EMBO Journal's notice’ also included 
this: “The authors declare that key experi- 
ments presented in the majority of these fig- 
ures were recently reproduced and that the 
results confirmed the experimental data and 
the conclusions drawn from them,’ 

The statement from Bulfone-Paus and 
her colleagues described new data and sig- 
nalled to readers that they could still rely on 
the original paper, even though it had been 
retracted. It suggested that the journal stood 
behind the statement. But when we asked the 
editor whether that was the case, we were told: 
“We did not formally investigate this case at 
the journal and we have not seen this data, as 
it does not affect the retraction.” 

We've seen a similar lack of close editorial 
review in correction notices, too. Two recent 
corrections in Nature, and one in Nature 
Medicine, which can only be described 
as massive, describe in painful detail the 
number of errors in the original papers. 
In one, images were improperly labelled 
and cropped, requiring a solid page of text 
to explain the changes and how they affect 
the paper, while another acknowledged that 
images had been manipulated, which was 
“not acceptable”. 

One of those correction notices, published 
on 28 September of this year, included this 
line: “We have also included results from 
a new, reproduced experiment recently 
performed with an additional cohort of 
animals that shows exactly the same results.”* 
Including new data in a correction notice 
seemed unusual, so we wanted to know if 
that line had been subject to peer review. 
As we reported on our blog’, the journal 
wouldn't say, responding only that peer 
review is confidential, and that we should 
talk to the authors — who never responded 
to our requests for comment. 

We don't mean to question the claims in 
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these particular notices, and we appreciate 
the arguments for keeping the peer-review 
process confidential, but we believe it should 
be no secret whether something has been 
peer reviewed. Any publishing scientist 
would surely want journals to assure their 
readers that vigorous peer review is occur- 
ring. After all, peer review is not merely a 
deterrent, like hydrogen bombs, but an essen- 
tial element of quality control for journals 
and for the research community writ large. 
If it doesn't occur, we think journals owe it 
to readers to say so, and to explain why. An 
affidavit from the authors is insufficient. 

Requiring any new findings discussed in 
a correction or retraction notice to be peer 
reviewed is one step on the route to keeping 
the scientific record as up-to-date as possi- 
ble. We believe that some editors also need to 
work to ensure that their retraction notices 
say why a paper has been withdrawn, rather 
than just the exasperating “this paper was 
retracted by the authors” that we see so often. 

Editors have many reasons to pay more 
attention to retraction and correction 
notices. For one, scientists often cite papers 
after they’ve been retracted, and a clear, 
unambiguous note explaining why the 
findings are no longer valid might help to 
reduce that. But, more importantly, a vaguely 
worded note that includes further claims 
from researchers whose work has been seri- 
ously questioned, in turn raises questions 
about the integrity of the journal itself, and 
about the overall scientific record. 


POST-PUBLICATION REVIEW 

Aneven more important step for boosting the 
long-term credibility of the scientific record 
is for journals — and scientists — to embrace 
post-publication peer review. We saw glim- 
mers of this new world after Science published 
the ‘arsenic life’ paper®. Bloggers such as biolo- 
gist Rosie Redfield attacked the paper’, and 
journalist Carl Zimmer interviewed a dozen 
experts who had sharp criticisms*. But NASA, 
who employs the lead author, Felisa Wolfe- 
Simon, refused to engage in the debate until 
Science published a compilation of letters to 
the editor on the subject (see Nature 474, 19; 
2011). (Wolfe-Simon, for her part, has said 
that the critics are misinterpreting her group's 
paper.) Responding to critiques in real time 
has not quite gained widespread acceptance, 
but many scientists were forced to sit up and 
take notice of how the scientific record ofa 
paper is expanding. 

True, the current system does already 
allow for critiques. There are letters to the 
editor, which are robust but also limited by 
space and often slow to appear. There are 
online comments on papers, but hardly 
anyone uses them. Even when scientists do 
comment, many journals refuse to investigate 
anonymous criticisms, a policy we've argued 
against elsewhere. (We applaud the fact that 


Nature does look into such critiques.) Fac- 
ulty of 1000, in which experts flag important 
papers in their field, is another approach to 
post-publication peer review. 

But these methods are scattered, and there 
is no reasonable way for scientists to have 
them all in hand when they’re citing a paper. 

These developments are why CrossMark 
(www.crossref.org/crossmark), soon to be 
launched by CrossRef — a collaborative 
agency formed by publishers — is so prom- 
ising. The idea is for every piece of content 
to include a clickable logo that will let a 
reader know whether there have been any 
corrections, retractions or other revisions. It 
is a solution to the fact that such changes are 
at best difficult to find — and are sometimes 
not mentioned at all on ‘current’ versions 
of papers. 

That is the ‘Status’ tab on CrossMark. But 
the platform will also have a ‘Record’ tab 
that gives publishers a way to take the idea 
even further. They will be able to include 
material they didn’t produce, such as blog 
posts, media coverage, letters, additional 
data and metrics such as downloads. 

This does not mean the end of journals. In 
fact, it could strengthen the value and extend 
the imprimatur of those journals that are 
willing to embrace these new tools, allow- 
ing them to isolate the useful notes from the 

cacophony of what is 


“It should available, and judge 
be no secret the value of a particu- 
whether lar post-publication 
something contribution. Readers 
has beenpeer _ will reward those value 
reviewed.” judgements, passing to 


their colleagues those 
papers with additional content that validates 
and expands on the results, rendering them 
particularly trustworthy. If journals aren’t 
willing to start reviewing and compiling 
additional content related to their papers, 
someone else will do it. 

All of this may mean fewer retractions, 
because editors would no longer feel lim- 
ited to such a blunt instrument. We see many 
papers retracted now that may not need to 
be, but they contain some nuances that edi- 
tors don’t know how to handle. In the new 
system, a fleshed-out addendum, or cor- 
rection, could suffice if the paper included 
some of the post-publication discussion. We 
would hope to see fewer cases of the sort that 
happened this autumn at the Elsevier journal 
Genomics: an “un-retraction” of a study. The 
journal resurrected a paper that it had with- 
drawn for authorship reasons, and nothing 
to do with the substance of the paper’. And 
publishers (we hope) would no longer issue 
retractions for their own errors, such as run- 
ning the same study twice”. 

Such a decline would be bad for busi- 
ness at Retraction Watch, but we would be 
happy if it meant that the scientific record 
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had become more self-correcting. 

We realize that diminishing the impor- 
tance of the scientific paper will require 
universities and funding agencies to come 
up with new ways to judge researchers’ 
productivity. This is a change that most 
scientists should find heartening. After all, 
tenure and grant decisions rely heavily on 
current publication metrics — a flawed sys- 
tem that doesn’t reflect how science works. 
Many people, including Nature editor-in- 
chief Phil Campbell and Cameron Neylon, 
a senior scientist at the UK Science and 
Technology Facilities Council, have already 
begun thinking about how to give credit 
for contributions other than papers, such 
as depositing data and writing software or 
especially worthwhile critiques (see Nature 
469, 286-287; 2011). 

There are other hurdles. How should 
scientists treat papers that are hardly read, 
so are never evaluated post-publication? 
Doesa lack of comment mean that the find- 
ings and conclusions are extremely robust, 
or that no one has cared enough to check? 
Including readership metrics alongside 
comments should help here. 

None of these issues, however, should stand 
in the way of taking the crucial steps to make 
the scientific record more self-correcting. 
And it is possible now, for the first time, 
because of the power of the Internet. As a 
blog that attracts 150,000 page views a month 
and has tapped into a community of scien- 
tists that wants to keep the scientific record 
up-to-date, Retraction Watch is evidence of 
how science publishing has changed. It is time 
to change it further. m 


Adam Marcus and Ivan Oransky 
are the creators of Retraction Watch 
(retractionwatch.com). 

e-mails: ivan-oransky@erols.com; 
adam.marcus1@gmail.com 
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TECHNOLOGY 


Rise of the e-book 


Carl Zimmer charts the boom in electronic publishing 
and what that spells for wood pulp and ink. 


off the coast of Maine, I saw the future of 

books. I had been invited to teach a writ- 
ing course at Shoals Marine Laboratory on 
Appledore Island, a beautiful bulge of rock 
covered in scrub and herring-gull nests. 
During a break at the beach with my family, 
my wife finished reading her book with typi- 
cal supersonic speed. She craved another, so 
decided to experiment with her new iPhone. 

She tapped the screen. In seconds, an 
e-book had streamed invisibly through the 
air into her hand. Swiping her thumb like a 
windshield wiper, she soon finished it. She 
tapped the screen for another. Out of the 
ether, another e-book appeared. 

Now I see, I thought. Everything was 
in place for a revolution in how we read 
and write. And the pace of that revolu- 
tion has surpassed my expectations. Since 
Apple launched its iBooks application in 
April 2010, some 180 million books have 


le the summer of 2010, ona tiny island 


been downloaded. Analysts estimate that 
Amazon will have sold 314 million e-books 
for the Kindle in 2011 alone. The radical 
change extends far beyond sales volume: the 
e-book ecosystem allows writers to reach 
readers in ways that did not exist before. 

Before that moment on Appledore, I was 
an e-book sceptic. In the 1990s, I got sick 
of all the promises that the age of e-books 
was almost upon us — which tended to 
come from people who wanted you to pay 
US$1,000 to come to their ultra-exclusive 
publishing seminars. When the dot-com 
bubble popped, the e-book prophets and 
their pricey seminars disappeared. 

It would take another decade for e-books 
to grow into something more than hype. 
People became accus- 
tomed to reading on 
screens. The Kindle, 
iPad and other 
tablets made the 
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experience comfortable and portable. Yet 
the technology alone did not change how 
people read. They needed something to read. 
The first online books, offered by pioneer- 
ing websites such as Project Gutenberg, were 
typically the bare-bones text of old books 
that were already in the public domain. 
Publishers are now pouring their new books 
and backlists into e-book stores. 

This e-book ecosystem has profoundly 
changed how we can read books. Vol- 
umes that were once out of reach are now 
wonderfully close. I recently wanted to read 
The Hand, Its Mechanism and Vital Endow- 
ments as Evincing Design, written in 1833 
by the Scottish anatomist Charles Bell. A 
few years ago, the only way for me to get my 
hands on the book would be to go to a uni- 
versity library and hunt it down in the stacks. 
I did not have to leave my chair to download 
afree copy from Google Books to my phone, 
in fully searchable form. 

E-books are also changing the experience 
of writing books. Not long ago, writers had 
to funnel their books through publishing 
companies. Nowa writer can simply upload 
a manuscript to websites such as Smash- 
words, Lulu and Amazon. It can go on sale 
as an e-book in a matter of hours. 


ANEW GENRE 

Freed of old constraints, e-books can take on 
new forms. A writer would never propose a 
30-page book to a traditional publisher. Yet 
many authors are now experimenting with 
this miniature genre. Some are participat- 
ing in a programme recently launched by 
Amazon, called Kindle Singles, to promote 
these pieces. Writers can also take advantage 
of the computer power of tablets. One excel- 
lent example is Before the Swarm, an e-book 
published earlier this year by The Atavist, a 
small publishing house. The book is a pro- 
file of entomologist Mark Moffett by writer 
Nicholas Griffin. You can read Before the 
Swarmas a straight profile, or you can tap the 
screen to reveal what The Atavist calls ‘inline 
extras’ — digital footnotes that present audio 
recordings, video and information suchas the 
definition of the Schmidt Sting Pain Index. 

Other science e-books have metamor- 
phosed so far that they are barely books at all. 
The Elements is an app for the iPad that pre- 
sents a collection of images and information 
for every entry in the periodic table. Journey 
to the Exoplanets, from Scientific American 
and Farrar, Straus and Giroux (both owned 
by the same parent company as Nature), isa 
combination of text, sumptuous paintings, 
photographs from space probes, an explor- 
able Solar System and experiments children 
can run themselves. 

E-books not only allow for new experi- 
ments, they also make it possible for writers 
to reach niche audiences. If an acarologist 
wants to publish a book about the ticks > 
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> of New England, he or she does not 
have to persuade a publisher that it will 
sell well enough to justify the cost of 
editing, designing, printing and ship- 
ping it. The author can just upload the 
book themselves. 

For some writers, the economics of 
e-books are attractive. A traditional 
publisher typically pays the author a 
royalty of 10-20% on the sale of each 
book. The sale of international rights can 
bring more income — but only after an 
author’s royalties rise above the advance. 
Although e-book distributors such as 
Amazon or Smashwords won't offer an 
advance, their royalty arrangements are 
usually much more favourable. Depend- 
ing on the e-book publisher, royalties can 
range from 30-70%. 

Of course, it is also true that 70% of 
zero is zero. A common illusion among 
writers is that as soon as they finish 
a book, the world at large suddenly 
becomes aware of it and millions of cop- 
ies just sell themselves. In fact, it is easy 
for a book to vanish into oblivion, and it 
becomes all the more easy as the num- 
ber of book titles published each year 
goes up. Traditional publishers may have 
their flaws, but they also know how to 
distribute and publicize books. If writers 
want to self-publish, they have to take 
on all the things that publishers do. And 
today, mastering the art of book publicity 
is tricky. Many newspapers are shutting 
down their book-review sections. Dis- 
cussions about new books are migrating 
instead to blogs and social media such as 
Facebook and Twitter. 

The format of the e-book itself should 
also be a cause for concern for authors. 
Even the most successful e-book cam- 
paign simply pushes data from one 
computer to another. No physical object 
ends up sitting on a shelf. The longevity 
of e-books remains uncertain, depending 
as it does on the technology for reading 
them. When I look at some of the most 
elaborate e-books, I hear a ghostly voice 
whispering, “CD-ROM”. In the early 
1990s, compact discs were all the rage — 
you could fit an entire encyclopedia ona 
single disc. 

For a fleeting moment, CD-ROMs 
were the future of books. If Il had decided 
to abandon print books and publish my 
books only on CD-ROMs, I would have 
imprisoned them in obscurity. Sneer at 
printed books if you will, but you can't 
deny that their operating system will never 
expire. 


Carl Zimmer is the author of ten books 
about science, including two e-books: 
Brain Cuttings and More Brain Cuttings. 
e-mail: mail@carlzimmer.com 
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A food-lab creation: pistachio mousse impregnated with roasted white chocolate. 


With pipette and ladle 


From stretchy ice cream to wire-brushed crackling, 
Harold McGee digests an eclectic modernist menu. 


Kurti and his wife Giana published an 

anthology about food and drink by fel- 
lows of the UK Royal Society. When he sent 
me a copy of But the Crackling is Superb, he 
inscribed it: “An unashamed frivolity!” 

The title was a self-deprecating joke, a 
prominent French chef's polite reaction to 
an experimental pork roast of Kurti’s. Cook- 
ing and eating were not respectable academic 
subjects in those days, so the whole enterprise 
had the fresh, recreational air of scientists on 
holiday. The book is still great fun to browse. 

Times have changed. Last year, Harvard 
University in Massachusetts had to turn away 
hundreds of students from a course on the 
soft-matter science of cooking. This spring 
saw the publication of the six-volume treatise 
on food science and technology in the profes- 
sional kitchen, Modernist Cuisine (The Cook- 
ing Lab, 2011). And now we have the serious 
and substantive anthology The Kitchen as 
Laboratory, edited by food scientists César 
Vega, Job Ubbink and Erik van der Linden. 

Most of the book’s 33 chapters are by scien- 
tists at universities and food companies, and 
there is much of interest to cooks and food 
lovers. The most engaging chapters — the 
ones that made me feel like getting into the 
kitchen to experiment — illuminate the mak- 
ing of particular foods and go on to suggest 
improvements and new twists on them. 

Ina playful nod to Kurti’s anthology (cited 
by the editors as an 


1E 1988, the Oxford physicist Nicholas 


inspiration) and to his NATURE.COM 
work in low-tempera-__ Forareviewof 
ture physics, Modern- _ Modernist Cuisine: 
ist Cuisine co-authors _ go.tiaftire.com/jjxa2t 
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Christopher Young 
and Nathan Myhr- 
vold describe how to 
achieve the ultimate 
crackle in duck skin. 
The keys: a wire pet 
brush, a water bath and 
a block of dry ice. 
Vega’s chapter on 
soft-cooked egg yolk 
is a model of clarity 
and consideration. He 


The Kitchen 

as Laboratory: 
Reflections on the 
Science of Food 


and Cooking demonstrates that yolk 
EDITED BY CESAR viscosity increases with 
VEGA JOB VEBINIS holding time at around 
ANDERIKVANDER 69°C, gives a chart to 
Columbia University help obtain the texture 
Press: 2012. desired, and a table 
400 pp./320 pp. for translating Pascal- 
$29.95/£19.95 seconds of viscosity 


into the consistency of 
mayonnaise, honey or Marmite. 

Chemist Martin Lersch surveys the fla- 
vour- and colour-forming Maillard reactions, 
and reports that chopped onions brown faster 
and get sweeter when fried if you raise their 
pH with sodium bicarbonate. Alas, he resorts 
to the most old-fashioned cook’s measure, 
specifying a “pinch” of soda per onion and, 
confusingly, per half an onion. My evidently 
oversized pinch browned my onions faster, 
but gave them a distinctly unpleasant flavour. 

Physicist Thomas Vilgis explains how 
xanthan gum, a readily available bacterial 
polysaccharide, thickens ketchup and other 
foods without cooking. He gives a simple 
recipe that uses it to hold diced vegetables 
together in a tart. John R. Mitchell, a food 
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technologist, follows with an analysis of why 
starch and gelatin remain better at releasing 
flavours than xanthan and other thickeners. 

There is a substantial report on the Turk- 
ish delicacy salep dondurma — sometimes 
known as fox testicle ice cream. It contains the 
ground roots of an endangered orchid, which 
are said to resemble fox testicles and give a 
stretchy, chewy consistency to the ice cream. 
A group at New York University shows that 
these properties come from the carbohydrate 
glucomannan, also found in Japanese konjac 
flour, which, unlike the orchids, is plentiful. 
Food-structure expert Tim J. Foster reveals 
that the stretchiness comes from phase sepa- 
ration of the glucomannan and milk proteins 
during freezing, a physical effect that can also 
be achieved by cooking. Expect to see stretchy 
savouries in modernist restaurants soon. 

Other chapters propose making meringue- 
like solid foams from milk powder and 
tomatoes, flavouring ice cream with coffee 
extracted into butter to exclude its bitterness 
and acidity, and trapping aromas in mixtures 
of molten sugars. Intriguing but all too sparse 
are essays from chefs who explain how sci- 
ence contributes to their creativity. 

However, I found the book somewhat 
parochial and not always an enjoyable read. 
The writing is often less than fluent, and fre- 
quent pronouncements about the value of 
food science become mind-numbing. Some 
chapters reinforce the image of the food sci- 
entist as a technician out of touch with cooks. 

In rebutting writer Michael Pollan’s deni- 
grations of food science and technology, for 
instance, one chapter makes the astonish- 
ing claim that cheap processed foods are 
responsible for increased lifespans during 
the twentieth century. In another example, 
an encapsulation specialist searches for a 
quick way to make pizza dough because his 
mother’s recipe takes 2-3 hours and he does 
not “have the luxury of time” He replaces the 
yeast with encapsulated baking powders, 
which most cooks can't buy, and notes that 
the mixed dough must be rested to hydrate 
— for 2-3 hours. An essay on the acoustic 
nature of crispness gives a recipe for a frying 
batter, then suggests that, to experiment with 
the recipe, the reader can “place the battered 
fish on the texture analyzer platen and record 
the force displacement and acoustic output as 
the probe pierces the batter”. 

Food scientists have much to contribute 
to today’s dynamic food scene. I hope that 
those who write sequels to The Kitchen as 
Laboratory will shake the chips from their 
shoulders, work more closely with cooks and 
convey more of the joys of understanding and 
discovery — and eating. Tip: they should start 
with another big pinch of Kurti. m 


Harold McGee is a food writer based in San 
Francisco, California. 
e-mail: harold@curiouscook.com 
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Q&A Kenneth Libbrecht 
The snowflake 


designer 


For the past decade, physicist Kenneth Libbrecht has been studying how ice crystals form, 
taking thousands of photographs of their intricate structures. He describes how he grows 
snowflakes in his lab at the California Institute of Technology in Pasadena, and never tires of 


tracking the real thing in the far north. 


Why study 
snowflakes? 

We see these beautiful 
structures falling from 
the sky, and we still 
cannot explain how 
they came to be. When 
you ask how snow- 
flakes form, you are 
really asking about how molecules go from 
a disordered gaseous state to an ordered 
crystalline lattice. Unexpected phenomena 
can emerge — snowflakes are one fascinat- 
ing example. The complex morphologies 
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arise in part because different ice surfaces 
grow at different rates. What we learn could 
eventually find application in materials sci- 
ence or nanoscale self-assembly. But Iam 
also motivated to simply understand how 
this natural phenomenon works. I use ice 
asa case study of crystal growth. 


What sorts of shapes do you see? 

The diversity of snow-crystal shapes is 
amazing, and you can learn a lot even with 
an inexpensive magnifier. You can find 
hollow columns, needles, bullet rosettes, 
stellar dendrites, sectored plates, 
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Fake or flake? Within this gallery of natural snowflakes are two designed and made by physicist Kenneth Libbrecht in his lab.* 


> 12-branched stars, triangular crystals 
and many more. One of my favourites is the 
capped column, which looks a bit like two 
wheels on an axle. I grew up in snow country 
in North Dakota, but I never noticed capped 
columns until I went searching for them. Not 
every snowfall brings great snowflakes, but 
some days the crystals are spectacular. 


And you’re a snowflake photographer? 

The physics came first, but I soon became 
hooked on snowflake photography as well. 
It is a bit of an odd hobby for someone liv- 
ing in southern California, I admit. My 
quest for photogenic snowflakes has taken 
me to Canada, Alaska, Japan, Sweden and 
locations in the frozen north, yielding more 
than 10,000 photos. Snowflake photo- 
graphy began in the 1880s with US farmer 
Wilson Bentley. Iam continuing the craft, 
adding coloured lights and digital imaging 
techniques. 


Why do snowflakes grow into such complex 
patterns? 

A typical stellar snow crystal begins asa tiny 
hexagonal prism. The six-fold symmetry 
comes from the underlying symmetry of the 
ice crystal lattice. Because the six corners of 
the prism stick out into the humid air, the 


corners grow more rapidly, and eventually six 
branches sprout. The growth is very sensitive 
to temperature and humidity, which change 
as the crystal moves through the clouds. The 
six branches are exposed to the same condi- 
tions at the same time, so they grow in syn- 
chrony. The final product is a snow crystal 
that is complex and roughly symmetrical. 
And because no two snowflakes follow the 
same path through the clouds, each has a 
different pattern. 


So no two snowflakes can be identical? 

I grow simple hexagonal crystals in the lab 
and many look alike, although they are not 
identical at the molecular scale. The real 
question is: how many different ways are 
there to make a snowflake? With complex 
patterns, the possible variations can be enor- 
mous, easily larger than the total number of 
atoms in the Universe. So the probability of 
finding two snowflakes that look identical 
under a microscope is infinitesimal. 


How do you make designer snowflakes? 

In achamber I make millions of little crys- 
tals, until one falls flat on a piece of glass. 
Then I start blowing humid air at it, which 
makes the crystal grow up in a mush- 
room-like shape. As it grows, I change the 
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temperature and humidity to get plates, 
branches and other desired effects. There 
is another method using high-voltage elec- 
tricity. Water molecules are polar, so strong 
electric fields around a crystal can lead to 
a runaway instability that produces thin 
needles of ice. We then grow designer snow- 
flakes on the ends of the needles. 


What problems are you working on? 

Iam especially intrigued by how ice growth 
changes with temperature. We usually think 
of snow crystals as thin, flat, star-shaped 
plates — the iconic snowflake shape. But 
often the crystals grow into slender hex- 
agonal columns, the same basic shape as 
a wooden pencil. In fact, the overall shape 
changes from plate-like at -2°C to colum- 
nar at —5 °C, then plate-like again at -15 °C, 
then back to columnar below -30°C. 
This phenomenon was discovered by 
Ukichiro Nakaya, a Japanese physicist who 
pioneered the systematic study of snow 
crystals 75 years ago. But the origin of this 
odd behaviour is still not known, so I am 
working hard to solve this puzzle. = 


INTERVIEW BY JASCHA HOFFMAN 


‘Artificial snowflakes are at bottom left and top right. 


K. LIBBRECHT 


D. VAN RAVENSWAAY/SPL 


IN RETROSPECT 


BOOKS & ARTS | COMMENT | 


On the Six-Cornered Snowflake 


Philip Ball celebrates the fourth centenary of Johannes Kepler’s ice-crystal analysis. 


id anyone ever receive a more exqui- 
D site New Year's gift than was given 

to the German scholar Johannes 
Matthaus Wackher von Wackenfels, 400 years 
ago? A booklet of just 24 pages, it was written 
in 1611 by his friend Johannes Kepler, court 
mathematician to the Holy Roman Emperor 
Rudolf II in Prague. In De nive sexangula 
(On the Six-Cornered Snowflake), Kepler 
attempts to explain why snowflakes have their 
striking hexagonal symmetry. 

In his introduction, Kepler writes that 
he had noticed a snowflake on the lapel of 
his coat as he crossed the Charles Bridge in 
Prague, and so came to ponder on its remark- 
able geometry. This charming, witty work 
seeded the notion from which all of crys- 
tallography blossomed: that the geometric 
shapes of crystals can be explained in terms 
of the packing of their constituent particles. 

Kepler’s analysis of the snowflake comes 
at an interesting juncture. It unites the older, 
Neoplatonic idea of a geometrically ordered 
Universe that reflects God’s design with the 
newly emerging mechanistic philosophy, 
in which natural phenomena are explained 
by proximate causes that may be hidden, or 
‘occult’ (like gravity), but are not mystical. 

Kepler was not the first to notice that 
the snowflake is six-sided. That is recorded 
in Chinese documents dating back to the 
second century Bc, and in the West the 
snowflake’s ‘star-like forms were noted by 
philosopher and theologian Albertus Magnus 
in the thirteenth century. René Descartes 
later explored Kepler’s topic, drawing six- 
fold stars and ice ‘flowers’ in his meteoro- 
logical book Les Météores (1637), and Robert 
Hooke’s microscopic studies recorded in 
Micrographia (1665) revealed elaborate, 
hierarchical branching patterns. 

“There must be a cause why snow has the 
shape ofa six-cornered starlet; Kepler wrote 
in De nive sexangula. “It cannot be chance. 
Why always six? The cause is not to be looked 
for in the material, for vapour is formless 
and flows, but in an agent.” This ‘agent’ he 
suspected, might be mechanical: the orderly 
stacking of frozen ‘globules’ that represent 
“the smallest natural unit of a liquid like 
water” — not explicitly atoms, but as goodas. 

Here he was indebted to the English math- 
ematician Thomas Harriot, who acted as a 
navigator for Walter Raleigh’s voyages to the 
New World in 1584-5. Raleigh sought Har- 
riot’s advice on the most efficient way to stack 


cannonballs on the ship’s deck, prompting the 
ingenious Harriot to theorize about the close- 
packing of spheres. Around 1606-8, Harriot 
communicated his thoughts to Kepler, who 
returned to the issue in De nive sexangula. 
Kepler asserted that hexagonal packing 
“will be the tightest possible, so that in no 
other arrangement could more pellets be 
stuffed into the same container”. This asser- 
tion about maximal close-packing is known 
as Kepler's conjecture. It was proved using 
computational methods only in 1998, by 
US mathematician Thomas C. Hales, whose 


Mathematician Johannes Kepler explored the 
snowflake’s six-fold geometry in 1611. 


proof was published 7 years later (Ann. Math. 
162, 1065-1185; 2005). Kepler’s vision of 
crystals as stackings of particles also informed 
the eighteenth-century mineralogical theory 
of René-Just Haiiy, which forms the basis of all 
crystallographic understanding today. 

Less commonly acknowledged as a source 
of inspiration for Kepler is the seventeenth- 
century enthusiasm for cabinets of curiosi- 
ties (Wunderkammern), collections of rare 
and marvellous objects from nature and art 
presented as microcosms of the universe. 
Rudolf II had one of the most extensive 
cabinets, to which Kepler would have had 
privileged access. The forerunners of museum 
collections, the cabinets have rarely been 
recognized as having any real influence on the 
nascent experimental science of the age. But 
Kepler mentions in his booklet having seen in 
the palace of the Elector of Saxony in Dresden 
“a panel inlaid with silver ore, from which a 
dodecahedron, like a small hazelnut in size, 
projected to halfits depth, as ifin flower” — a 


De nive sexangula 
JOHANNES KEPLER 
First published 1611. 


showy example of the 
metalsmith’s craft that 
set Kepler thinking 
about how an emer- 
gent order gives crystals their facets. 

Yet in the end, Kepler is defeated by the 
snowflake’s ornate form and plate-like 
shape. He realizes that although the packing 
of spheres creates regular patterns, they are 
not necessarily hexagonal or flat, let alone as 
ramified and ornamented as that of the snow- 
flake. His failure to explain the regularity of 
the snowflake is no disgrace, for not until the 
1980s was this seen to be a consequence of 
branching growth instabilities biased by the 
hexagonal crystal symmetry of ice. 

Kepler instead fell back on Neoplatonic 
occult forces. God, he suggests, has imbued 
the water vapour with a “formative faculty” 
that guides its form. There is no apparent 
purpose to the flake’s shape, he observes: the 
“formative reason’ must be purely aesthetic or 
frivolous, nature being “in the habit of play- 
ing with the passing moment” That delightful 
image, which touches on the late Renaissance 
debate about nature’s autonomy, remains 
resonant today in questions about the adap- 
tive value (or not) of some complex patterns 
and forms in biological growth. 

Kepler signs off his inconclusive tract 
with an incomparably beautiful variant of 
‘more research is needed’: “As I write it has 
again begun to snow, and more thickly than 
amomentago. I have been busily examining 
the little flakes” 

But the influence of De nive sexangula 
goes further. It was in homage that British 
crystallographer Alan Mackay called his 
seminal 1981 paper on quasicrystals De nive 
quinquangula. Here, three years before the 
experimental work that won Dan Shechtman 
this year’s chemistry Nobel, Mackay showed 
that a Penrose tiling could, if considered as 
the basis of an atomic ‘quasi-lattice, produce 
five-fold diffraction patterns. 

Quasicrystals showed up in metal alloys, 
not snow. But Mackay has indicated privately 
that it might indeed be possible to induce 
water molecules to pack this way, and quasi- 
crystalline ice was recently reported in com- 
puter simulations of water confined between 
plates (J. C. Johnston et al. J. Chem. Phys. 133, 
154516; 2010). Whether it can furnish five- 
cornered snowflakes remains to be seen. m 


Philip Ball is a writer based in London. 
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No refraction in 
Leonardo’s orb 


Martin Kemp suggests that 
Leonardo da Vinci's knowledge 
of optics and minerals is evident 
in the representation of the orb 
in the Salvator Mundi painting 
(Nature 479, 174-175; 2011). 
But I question his interpretation 
that the double contour of the 
heel of the hand holding the orb 
depicts the birefringence (double 


refraction) arising in a calcite orb. 


The painting shows no optical 
distortion in the folds of the 
clothes, for example, as would 
be expected from refraction 
by an orb of calcite, quartz or 
glass, or even a water-filled glass 
vessel. In reality, an inverted 
and nonlinearly reduced image 
of most of the chest, arm and 
shoulder would appear within 
the orb’s outline; the heel of the 
hand would appear in the top 
half of this image. 

An additional image 
(nonlinearly enlarged and 
upright) would open up within 
the inverted first image if part of 
the hand or cloth were near the 
central back surface of the orb. 
Such refractive effects would be 
more obvious than any due to 
birefringence in calcite. 

The double contour of the 
hand continues slightly outside 
the orb, hence it could be due to 
a previous stage of the painting, 
or pentimento. The absence of 
refraction or reflection effects 
suggests that the orb depicts an 
idealized celestial sphere, with 


the painted specks on its surface 
representing heavenly bodies. 
André J. Noest Utrecht 
University, the Netherlands. 
a.j.noest@uu.nl 


Martin Kemp replies: 

As far as we can tell, given the 
damage to the Salvator Mundi, 
the garments behind the sphere 
are indeed undistorted (Nature 
479, 174-175; 2011). But itis 
wrong to assume that Leonardo 
da Vinci painted all of the optical 
phenomena he knew about. 

No painters at the time 
depicted such things as the blur 
of fast-moving objects or the 
refraction of limbs in water, 
because that would have been 
bad pictorial etiquette. The first 
blurring in a painting is not 
seen until more than 100 years 
later, in the work of Diego 
Velasquez. Leonardo specifically 
said that such extreme effects 
are for the speculatori (natural 
philosophers), not the painters. 
To show the full effects of the 
sphere on the drapery behind 
would have been grotesque ina 
functioning devotional image. 

Contrary to what has become 
acommon belief, Leonardo did 
not aspire to represent his subjects 
as ifhe were a scientist recording 
natural phenomena. Rather, he 
was remaking nature synthetically 
in the functional context of 
specific paintings (M. Kemp 
Leonardo revised edition, Oxford 
University Press; 2011). 

The birefringence is a side 
issue and not important for the 
attribution. The conservator of 
the picture cannot tell whether 
the double heel of Christ’s hand is 
deliberate, a result of damage or a 
pentimento. 

Martin Kemp University of 
Oxford, UK. 
martin.kemp @trinity.ox.ac.uk 


European vultures’ 
altered behaviour 


Europe's last remaining 
populations of griffon vultures 
(Gyps fulvus) in Spain and 
southern France have taken to 


killing livestock, according to 
the many reports received by 
authorities. This has provoked 
discontent and incurred 
vengeance from some farmers. 
The alarming departure of the 
vultures from their normal role 
as carrion scavengers seems 

to stem from an increased 
competition for food resources, 
which may be caused by changes 
to European sanitary and 
conservation policies. 

There were 1,165 reported 
cases of griffon vultures killing 
domestic livestock in 2006-10 
in northern Spain alone, with 
compensation to farmers costing 
almost €265,000 (US$350,000). 
Unofficial control by poisoning 
killed 243 griffon vultures in the 
same period — an ill-conceived 
action, given that these and 
other avian scavengers are 
already severely threatened in 
Europe. 

Changes to European 
sanitary legislation introduced 
in 2002 to help combat the 
spread of bovine spongiform 
encephalopathy coincided 
with the introduction of 
new regulations for animal 
husbandry, such that any 
livestock carcasses were 
collected from farms and 
destroyed. The combined effects 
of less carrion and an increase in 
the griffon-vulture population 
in Europe may be to blame for 
the present situation. 

Efforts to resolve this conflict 
are constrained by a lack of 
solid scientific data, not helped 
by mounting public alarm and 
political pressure. Sanitary and 
other authorities must work 
with farmers, scientists and 
conservation groups to produce 
guidelines to solve the problem 
in both the short and the long 
term. 

Antoni Margalida Institute of 
Ecology and Evolution, University 
of Bern, Switzerland. 
antoni.margalida@iee.unibe.ch 
David Campion Navarre 
Environmental Management, 
Pamplona, Navarra, Spain. 

José A. Donazar CSIC Doniana 
Biological Station, Seville, Spain. 


The cell was defined 
150 years ago 


Anthony Hyman and Kai Simons 
recount how E. B. Wilson 
described a cell in 1896 as “the 
basis of the life ofall organisms” 
(Nature 480, 34; 2011). But it was 
an almost-forgotten German 
biologist, Max Schultze, who 

150 years ago laid an earlier 
foundation stone for cell biology 
by defining the cell in terms of 
what it contained rather than its 
boundary. 

In an 1861 article, ‘On muscle- 
particles and what we should 
calla cell’ (Archiv fiir Anatomie, 
Physiologie und wissenschaftliche 
Medicin 1-27; 1861), Schultze 
rejects the definition ofa cell put 
forward by Robert Hooke almost 
two centuries earlier. 

On the basis of microscopic 
observations of sections of cork, 
Hooke in 1665 had introduced 
the term cell, after the Latin cella, 
for ‘little room with a rigid wall. 
Schultze argued that the existence 
ofan enveloping wall, as found in 
plants, is not an essential criterion 
for defining a cell. 

Schultze based his conclusion 
on his comparative studies of 
protoplasmic material from 
animal muscle tissue and 
from protozoans. From his 
observations of these soft, flexible, 
living systems, Schultze redefined 
the cell as a “naked speck of 
protoplasm with a nucleus” (see 
A. Reynolds J. Hist. Biol. 41, 
307-337; 2008). 

It could be argued that this 
more accurate protoplasm- 
nucleus description of the cell 
marked the origin of cell biology 
as a new scientific discipline, 
encompassing cells as evolving 
units of all extant and extinct 
forms of life. 

U. Kutschera Institute of Biology, 
University of Kassel, Germany. 
kut@uni-kassel.de 


CONTRIBUTIONS 

Readers are welcome to 
comment online: 
www.nature.com/nature. 
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OBITUARY 


Lynn Margulis 


(1938-2011) 


Biologist who revolutionized our view of early cell evolution. 


ynn Margulis was an independent, 
Le and spirited biologist who 

learned as early as the fourth grade to 
“tell bullshit from ... real authentic experi- 
ence’, as she put it in a 2004 interview. With 
courage, intellect, a twinkle in her eyes and 
considerable fortitude, she changed our view 
of cellular evolution. 

In 1967, she made the revolution- 
ary case that simple bacteria were 
incorporated into some early cells 
to produce the organelles that let 
plants photosynthesize and animals 
consume oxygen. This process of 
endosymbiosis altered Earth by pro- 
viding plants for animals to eat and 
additional oxygen for them to breathe. 

Her success did not come easily. 
She had to stand up for her ideas and 
accept repeated rejections. She sub- 
mitted her radical paper to a dozen 
journals before it was published. 
Remarkably, she developed her the- 
ories without training in molecular 
biology — RNA sequencing was 
just being developed, and DNA 
sequencing was years away. Her dis- 
covery of the endosymbiotic origins 
of animals and plants was ahead of 
the field. She got there on her own 
terms, and her main insights have 
been proven correct. 

Margulis, who died of a stroke 
at home on 22 November, was the 
oldest of four girls born to Leona 
and Morris Alexander in Chicago, 
Illinois. She described herself as a bad 
student who had to stand in the corner a lot. 
Her parents enrolled her in the University 
of Chicago Laboratory Schools, with their 
unique focus on reading original scientific 
literature. Initially, she didn’t like her Lab 
School and walked out. But after two years 
back in her local inner-city school, she was 
glad to return to the University of Chicago. 
There, she immersed herself in the works of 
Isaac Newton and Gregor Mendel. 

She attributed her scientific success in 
part to one course: MathSci 2. Biologically 
oriented, it centred on the material basis of 
heredity and what connects generations. 
MathSci 2, she noted, also contributed to 
the discovery of the structure of DNA — 
because James Watson also took the course. 

When she was 16, while walking up the 
stairs of Chicago’s Ruth Eckerd Hall, she met 
a tall, handsome, extremely talkative young 


man who claimed that he was going to find 
life in the Universe. That was Carl Sagan. 
They married when she was 19. She has 
acknowledged that he had a big intellectual 
influence on her, claiming gracefully that it 
would be unfair to say she did it all herself. 
The couple went to the University of 
Wisconsin-Madison, where she obtained 


her MA in zoology and genetics, and then to 
the University of California, Berkeley, where 
she began a PhD in genetics. Their marriage 
ended before her doctorate was awarded, and 
Lynn moved to Massachusetts in 1963 with 
her two sons to take up a biology lecture- 
ship at Brandeis University in Waltham. She 
received her PhD from Berkeley in 1965, and 
then moved to Boston University, where she 
remained for 22 years. There, she published 
her paradigm-changing book, Origin of 
Eukaryotic Cells (1970). In 1988, she moved 
to the University of Massachusetts, Amherst. 

As Boston University’s Douglas Zook, 
then an undergraduate in one ofher classes, 
recalled, it was an emotional moment in 
1978 when her ideas on endosymbiosis 
were confirmed. She strode into class beam- 
ing, holding Robert Schwartz and Margaret 
Dayhoff’s classic paper, ‘Origins of 
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prokaryotes, eukaryotes, mitochondria, and 
chloroplasts’ hot off the press. That paper 
concluded: “The chloroplasts share a recent 
ancestry with the blue-green algae’, and that 
“the mitochondrion shares a recent ancestry 
with certain respiring and photosynthetic 
bacteria, the Rhodospirillaceae”. Margulis’ 
proposals for endosymbiotic chloroplast and 
mitochondrial origins had both been 
proven in the same paper. 

Her research earned her the US 


ence, the Darwin-Wallace Medal of 
the Linnean Society of London, and 
election to the US National Academy 
of Sciences and to the Russian Acad- 
emy of Natural Sciences (as one of 
only three American members). She 
could lecture in several languages 
and was a prolific author and popu- 
lar speaker. She excelled at balancing 
research, teaching and raising four 
children while leading her field. Her 
second marriage, to crystallographer 
Thomas Margulis, which had begun 
in 1967, ended in 1980. 

Lynn’s sometimes contrary per- 
sona was summed up during an 
interview while recalling her school 
days at Chicago: “Classes were not 
required, that’s why I went to them 
all!” She also liked to shock. Accord- 
ing to Ann Hirsch of the University 
of California, Los Angeles, when 
summarizing bacterial-harbouring, 
nitrogen-fixing root nodules, Lynn 
referred to them as providing a place 
for bacterial “food and sex”. 

My favourite memories of Lynn were 
her lengthy calls to kick ideas around (she 
abhorred e-mail). She was always upbeat and 
ready to explore. Her visit to our home in 
2007 was full of adventure and laughter. She 
told us about her travels, loved our visit to 
the Getty Center in Los Angeles, California, 
and its travertine fossils, and always had a 
ziplock bag of yerba mateé on hand. She'll be 
greatly missed. m 


James A. Lake is in the departments of 
molecular, cell and developmental biology, 
and human genetics, University of California, 
Los Angeles, Los Angeles, California 90095, 
USA. He became friends with Lynn Margulis 
after meeting her at a conference at Woods 
Hole in Massachusetts in the 1980s. 

e-mail: lake@mbi.ucla.edu 
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TEA WITH JILLIAN 


BY BRENDA COOPER 


n 25 June 2054, Technical Nurse 
() Paul Castle brought a program he 

had been working on for three years 
into Shady Acres Nursing Home. Hed pieced 
it together from bits of open source available 
on the web and from some failed research of 
his own, which he had hoped to turn into a 
thesis project. He had tested it with crowd- 
sourced volunteers in Thailand. Hed done 
it for a patient, and because memory fasci- 
nated him. 

This morning started like every other. 
Paul arrived early and perched at his desk, 
which had a view of the common kitchen for 
his wing, the long hallway between rooms, 
and of images from every room in the 
building. He did this just to watch the most 
beautiful of the robots in all of Shady Acres 
prepare Jillian’s breakfast. She worked with 
precision — like all robots — never spill- 
ing a drop of the oatmeal, adding exactly 
the same number of raisins and the same 
amount of sugar. The robot stirred in a half 
a cup of milk the same way every morn- 
ing, and added the appropriate sprinkle of 
tasteless vitamin powder. Then she poured 
a glass of faux orange juice and glided down 
the hallway from the common kitchen to 
Jillian’s suite. 

That was the moment Paul thought of as 
his meditation, his reminder to be as pre- 
cise as Jillian’s robot nurse, as beautiful as he 
could manage in every interaction with the 
staff and residents. 

There were other robots, of course. Some 
looked like people. Other residents chose 
the cheaper and more mechanical option 
of wheeled bots with screens or air-displays 
on them and metallic arms and hands for 
dispensing medications, making food and 
helping with bedding. These often ended up 
decorated; his favourite had stuffed golden 
retrievers tied to the large central post so 
their heads and ears flopped around as the 
robot negotiated stairs or tight turns. That 
one belonged to Patrice Mallo, who had been 
a good enough dog breeder that she could 
afford a single-room suite. For her part, 
Jillian dressed her caretaker in scarves and 
hats and gloves, and sometimes in evening 
gowns. On the morning of the 25th, Jillian 
had dressed her robot in pink. 

Jillian owned the Penthouse. She had 
inherited a great pile of money from a grand- 
father, but shed lost her ability to do more 
than shuffle the halls, and now she needed 


Robotic reflections. 


help cooking and cleaning and — on some 
days — remembering her name. 

Jillian was the loneliest person Paul had 
ever met. He stood in for family on visiting 
days, and spent 20 minutes with her and the 
robot and Jillian’s robotic dog every after- 
noon at the end of his shift. He had a real 
dog, and parents to go home to, but just 
like his day started with Jillian’s breakfast, it 
ended with her cup of tea. 

The robot girl would bring in the tea, 
leaning down and setting the lacquer tray 
precisely between them. They talked over 
this tea, small talk about the weather, about 
Paul’s dog Maximus whom he picked up 
at the end of every day and walked 
through Central Park. Sometimes 
they talked about Jillian’s past, 
and when this made Jillian cry, 
Paul would dry her eyes and 
ask her why. The most com- 
mon answer was: “I miss 
being home. I miss being 
young and spry and beau- 
tiful?” 

On 25 June, Paul spilled 
his tea on the table, so that 
some of the hot liquid 
splashed Jillian across the 
shoulder. This gave him an 
excuse to slip the data pearl 
from her necklace as he dried 
it off and add his program to her 
interface jewellery. 

It took two days before he began 
to see results. The first thing he noticed 
was a change in the way the robot walked. 
Her hips slid right and left as she walked. 
It wasnt quite feminine, but neither was it 
robotic. He imagined Jillian walking that 
way when she looked like a fully fleshed 
version of her metal companion. The idea 
made him smile. 

At tea that day, Jillian looked happier. Her 
hands still shook as she held her china cup, 
her orange lipstick still missed the corners 
of her mouth, and her thin hair still clung to 
her cheeks. But her eyes were brighter and 
she gave him a smile that he imagined was 
just a touch more aware. 

Weeks passed. 

The robot began to join them for tea, to 
talk to Jillian about her past in a soft, silky 

and metallic voice. The 


> NATURE.COM two spent more time 
FollowFutureson together. They bent 
Facebook at: their heads over books. 
go.nature.com/mteodm © ‘The robot girl watched 
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vids with the old woman, so close that metal 
touched skin often enough that Paul had to 
powder the old woman's legs so she wouldn't 
be burned by the friction of the robot’s 
movements. Jillian even named the robot 
after herself, calling her Jilly. 

Over tea, Paul spoke softly. “Does it help 
you when Jilly can keep your memories for 
you?” 

“Yes.” She paused. “I like it that when I 
talk to her she can recall the way the garden 
smelled after one of Poppa’s parties.” 


“Are you happier?” 

“Yes thank you. I know you helped to do 
that?” 

He hadnt expected that. “How?” 

“Jilly told me. She remembers the day you 
spilled the tea, and how it felt to have the 
interface gone and returned, and how more 
kinds of things I want to tell her get stuck in 
her head so she can take them out for me 
later. She says you have made her into my 
mirror’ Jillian tooka sip, age-spotted hands 
shaking so the liquid almost spilled from the 
cup. “Thank you.” = 


Brenda Cooper’ latest novel is Mayan 
December, available from Prime Books. 
Brenda lives in the United States in a family 
that includes as many dogs as people. 

See www. brenda-cooper.com for more 
information. 
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PLANETARY SCIENCE 


The ultimate fate of planets 


A planetary system has been found in a startlingly tight orbit around an evolved star. The finding challenges the idea that 
close-in planets are destroyed as their host star evolves. SEE LETTER P.496 


ELIZA M. R. KEMPTON 


illions of years from now, the Sun will 
B expand to form a red-giant star. At that 

time, the Sun’s atmosphere will extend 
beyond the orbit of Earth, and our star will 
engulf the current orbits of the inner planets of 
the Solar System — Mercury, Venus and Earth. 
These three planets are expected to ultimately 
diea fiery death by being swallowed up by the 
Sun’. Yet on page 496 of this issue, Charpinet 
et al.” present an analysis of data from NASA's 
Kepler satellite that reveals a system of planets 
that has probably survived such a cataclysmic 
event. 

The authors found two planets in orbit 
around an evolved star — classified as a hot 
B subdwarf — that has reached the next rung 
of the stellar evolutionary ladder beyond the 
red-giant phase. The two planets’ orbits take 
them extremely close to their host star — at 
distances of less than one per cent of the Earth- 
Sun distance. At these distances, the planets 
would have been engulfed deep within their 
host star during its time as a red giant. Yet these 
two planets seem to be alive and well, which 
begs the question, how did they survive? 

Charpinet et al. posit that the two planets 
originally resided farther away from their host 
star, and that their orbits were subsequently 
dragged inward during the star’s expansion to 
become a red giant, which ultimately engulfed 
the planets’. In this scenario, both planets may 
have originated as massive gas giants, similar 
to Jupiter. Their gaseous atmospheres would 
have been stripped away as the planets were 
immersed by their host star, leaving behind 
two bare cores of rock when the star shrank 
back down to dwarf-star stature by shedding 
its own outer layers (Fig. 1). 

The method that Charpinet and colleagues 
used to detect this planetary system is inter- 
esting in its own right. It differs from the 
usual way in which the Kepler satellite is used 
to discover planets, which is to measure the 
light that is blocked out by a planet passing in 
front ofits host star. Here, the host star, named 
KIC 05807616, is known to be a variable star 
that pulsates (brightens and dims) at regu- 
lar intervals*°. However, when the authors?” 
analysed the light from this star, they found 
variability at two specific periods that did 


Planet 
s 


Sun-like star 


Hot B subdwarf 


Figure 1 | Possible formation mechanism of close-in planets. a, The two planets identified by 
Charpinet et al.” were probably massive gas-giant planets during the early part of their host star’s life, 
when the star burned hydrogen into helium as our Sun does today. At this time, the planets resided farther 
away from their host star than they do today. b, When the star exhausted the supply of hydrogen in its 
core, it expanded to become a red-giant star. The outer layers of the star then engulfed the orbits of the 
two planets. The planets lost their outer gaseous layers as their orbits spiralled inwards. c, For unknown 
reasons, the red giant expelled its cool outer layers, leaving behind a small hot B subdwarf star. The small 
rocky cores of the initial planets were left behind in close-in orbits with periods of 5.8 and 8.2 hours. 


(Figure not drawn to scale.) 


not seem to result from the star’s pulsations. 
Six months of uninterrupted data from 
Kepler revealed that the light from the star 
was periodically brightening and dimming 
every 5.8 and 8.2 hours. But it was unlikely 
that this variability resulted from the star itself, 
which pulsates much more quickly. Instead, 
Charpinet et al. floated the hypothesis that the 
apparent pulsations were due to the presence 
of two planets in orbit around the star. In this 
case, the anomalous pulsation periods found 
in the Kepler data correspond to the orbital 
periods of the two planets. 

The periodic brightening and dimming 
observed every 5.8 and 8.2 hours results from 
the changing amount of stellar light that is 
reflected off the planets as they orbit their host 
star — changes analogous to the phases of our 
Moon. Furthermore, light given off directly by 
these hot planets similarly oscillates with the 
orbital periods of the planets, further contrib- 
uting to the periodic signals discovered. The 
variability that results from these subtle shifts 
in the planets’ reflected and emitted light is 
tiny. Charpinet et al. found that this variability 
is present at a level of only several hundredths 
of one per cent, which means that the planets 
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themselves are probably quite small. Using 
some reasonable assumptions about how 
these planets emit and reflect light, the authors 
concluded that both planets are probably com- 
parable in size to Earth. Light that is directly 
emitted or reflected from extrasolar planets has 
been detected in the past, but this is the first 
time that this particular method has been used 
for the discovery ofa planetary system. 

The prospect of planets being detected in 
close proximity to an evolved star is certainly 
of great interest, because it was previously 
assumed that such objects would be destroyed 
during the star’s evolution. But it is important 
to note that, using their current observations, 
Charpinet et al.’ are unable to fully determine 
either the size or the mass of the two planet 
candidates. Although these objects are most 
likely to be approximately Earth-sized, the 
authors cannot say with certainty that they 
are not considerably larger (or even smaller). 
This uncertainty limits their ability to draw 
firm conclusions about the origin of the plan- 
etary system. If the planets are not remnants of 
the original system, one intriguing alternative 
possibility is that the original planets orbit- 
ing KIC 05807616 were completely destroyed 


R. A. ALFORD 


during the star’s red-giant phase. According 
to this hypothesis, the two close-in planets 
formed anew, after the star receded from its 
red-giant phase, from material that was left 
behind when the star expelled its outer layers. 

Surveys that have searched for close-in 
planets orbiting evolved stars have dem- 
onstrated a lack of such objects’. And yet 
Charpinet and colleagues’ results buck this 
trend by revealing a planetary system in a 
startlingly tight orbit. One way to resolve 
this apparent discrepancy is to postulate that 
close-in massive planets (that would have been 
easily detected by the previous surveys) are 
almost, but not completely, destroyed during 
the red-giant phase of stellar evolution: their 
small, dense cores may survive. 


Stars such as the Sun spend billions of years 
converting hydrogen into helium before 
undergoing a quick and violent growth phase 
to become red giants. The expansion of the 
Sun to its red-giant phase will surely kill off 
all life on Earth in the process. However, 
the existence of planets orbiting an evolved 
star points to an interesting possibility that 
all close-in planets are not entirely destroyed 
during stellar evolution. Charpinet and 
colleagues’ results therefore have important 
implications as we strive to understand the 
ultimate fate of planetary systems. m 


Eliza M. R. Kempton is in the Department 
of Astronomy and Astrophysics, 
University of California, Santa Cruz, 


Bleak future for 


amphibians 


The major threats to amphibian species include pandemic disease and changes 
in climate and in land use. A study of the global distributions of these threats 
predicts that they will affect most amphibians by 2080. SEE LETTER P.516 


ROSS A. ALFORD 


odern amphibians are the oldest 
Me group of terrestrial verte- 

brates, having existed for hundreds 
of millions of years’. Some have undergone 
very little evolutionary change over this 
period. But amphibians are far from being 
primitive animals of low diversity. They are, 
in fact, more diverse than mammals or reptiles 
— 6,894 species are presently 
known’, and the best estimate* 
for the total number of species 
is 8,000-12,000. They occupy 
every terrestrial habitat except 
Antarctica and the high Arctic, 
and have an important role in 
nutrient dynamics, in the cycling 
of energy flows between terres- 
trial and freshwater systems, 
and in controlling populations 
of pest insects’. 

Amphibians are also the 
terrestrial vertebrates most at 
risk of extinction: at least 37% 
are classed as vulnerable, threat- 
ened or endangered’* (Fig. 1). 
This figure is certainly an under- 
estimate of the risk, because 
the conservation status of 
about 25% of species remains 
unknown’. Sadly, things are 
likely to be much worse by 2080, 


as Hof et al.” report on page 516 of this issue. 
Ever since amphibian declines were rec- 
ognized as a global problem’, it has been 
suggested that the phenomenon has several 
causes. Early explanations focused on pol- 
lution, habitat loss and climate change’, but 
many declines have occurred in relatively 
pristine areas not strongly affected by habitat 
modification, and far from sources of environ- 
mental contaminants. In these cases, analyses 


Figure 1 | The edge of destruction. The armoured mistfrog Litoria lorica was 
thought to have been extinct for 17 years, but was rediscovered" in 2008. Many 
other amphibian species are in decline, a situation that Hof et al.” predict will 

accelerate during the twenty-first century. 
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have indicated that climate change alone is 
unlikely to be the reason’. 

A major cause of many of these enigmatic 
declines was discovered® in 1998. The patho- 
genic fungus Batrachochytrium dendrobatidis 
causes chytridiomycosis, a disease that infects 
amphibians across a wide range of taxa*’. 
This disease has emerged in many areas, and 
has caused entire regional faunas to decline 
dramatically, to the point of local extinction. 
According to the International Union for Con- 
servation of Nature, many amphibian species 
became critically endangered between 1980 
and 2007, in most cases probably because of 
the global chytridiomycosis pandemic’. Habi- 
tat loss and climate change have received less 
attention as causes of amphibian decline, but 
threaten many more species in the long run’. 
Climate change may already be affecting the 
course of the chytridiomycosis pandemic, and 
its influence is likely to continue during this 
century, because vulnerability to the disease 
is strongly affected by weather and climate”””. 

Given the current threats to amphibians, it 
is crucial to develop plans to pro- 
tect their diversity. This requires 
a good understanding of present 
and future dangers. Hof et al.° 
have undertaken the complex 
task of examining the spatial 
extent of three of the major 
threats to the global diversity of 
amphibians — disease, climate 
and land-use change. By com- 
paring their findings with the 
spatial distribution of amphib- 
ian diversity, they were able to 
say how the threats have changed 
and will probably change in the 
period from 1980 to 2080. The 
authors did this for all three 
orders of modern amphib- 
ians, which differ in their levels 
of ecological and taxonomic 
diversity: roughly 90% of mod- 
ern amphibians are frogs, 8% 
are salamanders and 2% are the 
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50 Years Ago 


The heavy nuclear explosion 

on October 30, 1961, at 8.33.33 
G.M.T. at a distance of 1,160 km. 

in Novaya Zemlya (presumably 

at tropospheric heights) was 
recorded at Sodankyla by means of 
a seismograph, a microbarograph, 
a magnetograph, and a vertical 
incidence ionosonde. The 
deflection of the microbarograph 
took place at 9.42 G..T. with an 
amplitude of about + 1 mb... On 
October 31, the microbarograph 
again showed two very distinct and 
strong deflexions, namely, at 18.32 
and 21.38 G.m.T. These deflexions 
are interpreted as being caused by 
round-the-world waves due to the 
same nuclear explosion, one being 
propagated in the backward, the 
other in the forward, direction. 
The mean velocity deduced from 
these round-the-world waves is 
311 m/sec ... The waves are 
supposed to have been guided in 
the spherical shell between the 
ground and the stratopause. 

From Nature 23 December 1961 


100 Years Ago 


The Rubber-Planter’s Notebook. By 
Frank Braham — This book is what 
it purports to be, a handy book of 
reference on Para rubber planting, 
with hints on the maintenance 

of health in the tropics and other 
general information of utility to 

the rubber planter ... The author's 
section on general information 

will be found specially useful ... for 
the young planter going out to the 
East for the first time; but for the 
older resident in the tropics “drink 
as little as possible—fluids inflate 
the bowel” is dangerous advice ... 
If blackwater fever is encountered 
death in such cases may be the result 
... Inthese essential rules also 
mention of the all-important hot 
bath and change at sundown would 
have added to their completeness. 
From Nature 21 December 1911 


less well-known caecilians’. Frogs are far more 
widely distributed than the other groups. 

Hof et al. used a complex, wide range of 
modelling approaches in their study. Briefly, 
they used data on the distributions of 5,527 
amphibian species in bioclimatic models 
to predict the global distribution of the spe- 
cies on a latitude—longtitude grid consisting 
of cells 2° x 2° in size. This analysis took into 
consideration a broad range of future climate 
scenarios proposed by the fourth Intergovern- 
mental Panel on Climate Change. To forecast 
the spread of chytridiomycosis, they used a 
previously published model" that predicted 
the distribution of the causative fungus B. den- 
drobatidis. Their data on land use and land-use 
changes came from the Millennium Ecosystem 
Assessment, a report on the current state and 
the future of Earth’s ecosystems. 

According to Hof et al.°, the outlook for 
amphibians is not good. For frogs — the most 
diverse group — the areas most affected by cli- 
mate change coincide with regions of greatest 
species richness. The authors’ models indicate 
that, in some of the regions with the great- 
est diversity of frogs, more than half of the 
species will probably be negatively affected by 
climate change by 2080. Strong climate-change 
impacts are also likely for some salamanders, 
particularly tropical faunas. 

The models also suggest that land-use 
changes, especially in tropical regions, are 
likely to have strong negative effects on 
amphibians in some of the areas that have high 
levels of amphibian diversity. Finally, they pre- 
dict that the distribution of B. dendrobatidis, 
and thus possibly of chytridiomycosis, will be 
focused in temperate and mountainous areas. 
This is better news for frogs, which reach their 
peak diversity in the lowland tropics, but may 
be bad news for salamanders, whose centre of 
diversity is in northern temperate regions. 

Possibly the worst news is that, on the whole, 
the areas most affected by each category of 
threat do not coincide geographically: less 
than half of the grid cells in the 25% of land 
most threatened by any one factor are also in 
the 25% most threatened by any other factor. 
Because the threats are spread out, more than 
half of the total geographic distribution of 
each major amphibian taxon is in areas that 
Hof et al. predict will be highly affected by at 
least one of the three threat factors by 2080. 
The picture becomes worse when only the 
most diverse faunas are considered — roughly 
two-thirds of the areas that have the highest 
diversities of frogs and salamanders are likely 
to be highly threatened in some way. 

The effects of major changes in land use will 
probably be as strong as, or even stronger than, 
Hof and colleagues assume, because the com- 
plex life histories of amphibians may render 
them particularly vulnerable to the disrup- 
tive effects of habitat modification”. But in 
other respects, the exceedingly gloomy pic- 
ture presented by the authors might turn out 
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to be too pessimistic. For example, the exact 
effects of climate change and chytridiomyco- 
sis on amphibians are not known, and so their 
overall impact may be less than is predicted’. 
The somewhat coarse grid used in Hof and 
colleagues’ bioclimatic modelling might also 
obscure small-scale variations that could allow 
species to avoid the negative effects of climate 
change by shifting their habitat ranges rela- 
tively short distances, or simply by changing 
how they use their existing ranges (for exam- 
ple, by choosing less exposed retreat sites)*’. 
Moreover, the authors’ analysis equates the 
presence of B. dendrobatidis to negative con- 
servation effects of chytridiomycosis, but the 
impact of the disease varies strongly among 
regional faunas, ranging from disastrous pop- 
ulation collapses in some areas to little or no 
effect in others””’. 

On the other hand, some of Hof and co- 
workers’ results may be overly optimistic. For 
example, they did not model possible non- 
additive impacts of threats, such as the strong 
possibility that the threat of epidemic out- 
breaks of chytridiomycosis may worsen with 
changing climate’”, or that habitat modifica- 
tion may restrict amphibians’ ability to resist 
climate change by altering their habitat prefer- 
ences”’. Nevertheless, their work is a valuable 
step towards a true understanding of overall 
threat levels to an iconic group of animals. It 
is also a sobering reminder of how much criti- 
cal information is needed before we can truly 
understand the extent of anthropogenic threats 
to global biodiversity, or be fully prepared to 
rationally manage them. = 
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When ultracold is 
not cold enough 


A technique for cooling ultracold atoms in optical lattices has been demonstrated. 
This advance should allow the physics of strongly correlated systems, including 
that of quantum magnetism, to be explored. SEE LETTER P.500 


GRETCHEN K. CAMPBELL 


routinely reach nanokelvin tempera- 
tures. When combined with optical 
lattices — light ‘crystals’ created with standing 
waves of light — ultracold atoms are an almost 
ideal quantum many-body system’”. Thus, 
they are an excellent platform for simulating 
the physics of solid materials. Lattice-trapped 
atoms can simulate theoretical model systems 
that are relevant to understanding strongly cor- 
related materials — systems in which electrons 
interact strongly. However, for some model sys- 
tems, even nanokelvin temperatures can be too 
hot for simulating the relevant phenomena’. 
On page 500 of this issue, Bakr et al.* dem- 
onstrate a technique for cooling quantum 


\ xperiments with ultracold neutral atoms 


atomic gases in optical lattices that may allow 
much lower temperatures to be reached than 
those currently attainable. This opens up the 
possibility of studying a number of outstand- 
ing problems in many-body physics, such as 
quantum magnetism and high-temperature 
superconductivity’~. In addition, the control 
achievable with this technique may provide 
a way of producing logic gates based on two 
quantum bits (qubits) and creating quantum 
registers — the working memory needed for 
quantum computing — using ultracold atoms. 

Bakr and colleagues’ technique for cooling 
atomic gases relies on atom blockade. Block- 
ade phenomena arise from the interactions 
between tightly confined particles. If the inter- 
action energy is sufficiently high, it is much 
harder to add another particle to the system, 


Who needs a leader? 


In a dance class, everyone follows the 
instructor. The opposite situation would be 

if everyone in the class performed without 

a designated leader — an activity known as 
joint improvisation. In a paper published 

in Proceedings of the National Academy of 
Sciences, Noy and colleagues investigate 
which of two such situations is the more 
effective (L. Noy et al. Proc. Natl Acad. Sci. USA 
http://doi.org/hbz; 2011). 

Day-to-day examples of joint 
improvisation include two toddlers playing 
together. A rather structured example is 
improvisation in artistic performances 
(pictured). By the improvisers’ own 
admission, there are ‘moments of 
togetherness’ when the level of performance 
is high but no one knows who is leading. 

But how does this work? The lack of an 
experimental paradigm means that this 
question has not been studied extensively — 
at least not for open-ended actions. 

Noy and colleagues designed an 
experiment based on the mirror game, a 
widely used theatrical practice. Specifically, 
they asked two players each to move a 


handle along one of two parallel 
tracks in one dimension. The 
instruction was: ‘Imitate each other, 
create synchronized and interesting 
motion, and enjoy playing together: 
The nine one-minute rounds in 
each game were of two types — 
leader—follower rounds and joint- 
improvisation rounds. The 

authors measured the players’ 
movements with high resolution 

in time (20 milliseconds) and 
space (1 millimetre). 

They investigated the movements 
of expert players — artists with 
more than 10 years of experience 
in joint improvisation. In the leader— 
follower rounds, the follower showed jittery 
motion, which oscillated around the leader’s 
confident movement. By contrast, with no 
designated leader the players performed 
better, reaching lower errors in velocity of 
movement and stopping times. In fact, the 
players jointly showed confident motion 
12% of time, compared with 2% in the 
leader—follower situation. 
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because of the increased amount of energy 
required. Blockade phenomena are used in 
many systems. For example, Coulomb block- 
ade of electron charges can be used to make 
transistors based on single electrons’. Block- 
ade effects have also been proposed as a way 
to produce qubits**. 

In ultracold-atom experiments, atom block- 
ade occurs as a result of repulsive interactions 
between the atoms. When trapped in an opti- 
cal lattice, ultracold atoms develop an energy- 
band structure just like that of electrons in a 
solid. The higher the number of atoms ina 
given lattice site, the higher the interaction 
energy, creating a barrier to the addition of 
a further atom. If the optical lattice’s sites are 
sufficiently deep, these interactions give rise to 
insulating behaviour, analogous to the insulat- 
ing behaviour of electrons in some solids. As 
a result, there are a fixed number of atoms per 
site and tunnelling of atoms between different 
lattice sites is inhibited. 

In their study, Bakr et al.* show that, in 
addition to this transport blockade, a blockade 
can occur if atoms are excited to different 
energy bands within a single lattice site. The 
authors introduce the phenomenon of orbital 
exchange blockade (OEB), which allows the 
entropy (and thus the temperature) of the 
system to be reduced. 

Bakr et al. demonstrated OEB by first pre- 
paring a two-dimensional gas of rubidium-87 


So, is having a leader really 
counterproductive? It depends. With novice 
players, Noy et a/. obtained opposite results: 
these players performed much better 
with a designated leader. As moments of 
togetherness are rare in day-to-day life, 
having a leader is perhaps beneficial 
for most of us, at least while we learn a 
new skill. Sadaf Shadan 
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atoms in a square optical lattice created using 
two perpendicular standing waves of light. 
Initially, they arranged the system such that 
there was a known number of atoms per indi- 
vidual site, and they prepared the atoms in 
the same quantum state — the ground state, 
or band, of the lattice. If the neighbouring 
sites were already occupied, the repulsive 
interactions between the atoms suppressed 
tunnelling between lattice sites. 

Next, by changing the intensity of one of 
the standing waves, the authors modulated 
the depth of the lattice sites. If the frequency 
of this modulation was tuned to exactly match 
the separation between the ground band 
and an excited band of the lattice, atoms could 
be excited to the higher band. In a similar 
situation to that for suppression of tunnel- 
ling between sites, if an atom was already 
excited to the higher band, the excitation of a 
second atom in the same site was suppressed 
as a result of the interactions. Because of this 
atom-number-sensitive OEB, the frequency 
needed to excite atoms depends on the num- 
ber of atoms in the ground and excited bands. 
Atoms excited to the higher band could 
then be removed from the system. Bakr et al. 
demonstrated that OEB allows spectroscopic 
differentiation of sites with different numbers 
of atoms and control over the final number of 
atoms in a given site. 

Having a lattice-trapped atomic system at 
finite temperature creates ‘defects’ in it. Instead 
ofa uniform filling, defects exist in lattice sites 
at which either no atoms are present (holes) 
or there are extra atoms. OEB cannot be used 
to directly fill the holes, but by using atom- 
number-sensitive OEB, sites with extra atoms 
can be corrected, removing entropy from the 
system and so cooling it. 

Bakr et al. achieved such atom removal in 
two experiments. In the first one, they initially 
loaded the lattice with atoms such that the sys- 
tem was in an insulating state — the ground 
state for the system — with a known number 
of between one and four atoms per site. 
Next, by sweeping the modulation fre- 
quency, they deterministically reduced the 
lattice occupation number to a single atom 
per site. 

In the second experiment, the authors* 
loaded the lattice such that the system was 
not in the ground state. Instead, they loaded a 
random number of atoms per site, and by 
sweeping the modulation frequency, they 
were able to remove all of the ‘extra’ atoms. 
After the frequency sweep, they adjusted the 
depth of the lattice sites so that the final state, 
an insulating state with a single atom per site, 
was close to the ground state. This cooling 
‘algorithm’ is analogous to heat-bath algorith- 
mic cooling, in which entropy is pumped out 
of a system into a heat bath. Heat-bath algo- 
rithmic cooling has previously been demon- 
strated using nuclear magnetic resonance of 
solid-state qubits’. 


Bakr and colleagues’ technique allows 
entropy to be removed from the system. 
But it also allows individual lattice sites to 
be targeted, as has been shown previously”. 
The combination of these two features could 
facilitate the creation of a quantum regis- 
ter consisting of thousands of atoms, and 
provide a roadmap to scalable quantum com- 
puting using lattice-trapped atoms. Achiev- 
ing picokelvin temperatures (1 picokelvin 
is 10°” kelvin) for lattice-trapped atoms 
remains an important goal, which the authors’ 
technique could make achievable’. 

In Bakr and colleagues’ experiments, the 
final entropy (and thus temperature) was 
limited by heating caused by the optical- 
lattice light beams, as well as by inefficiencies 
in the excitation of atoms to higher bands. Its 
value was 0.27k, per particle (where k, is the 
Boltzmann constant), which is comparable to 
previously reported values’®. These limitations 
will need to be overcome if optimal cooling is 
to be achieved. But even without additional 
cooling, the use of OEB to deterministically 
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control the number of atoms in individual sites 
will bea valuable tool for future experiments. m 
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A fresh twist on 
shrinking materials 


Unusual lattice vibrations have been discovered in scandium trifluoride — a 
simple compound that shrinks when heated. This finding may help to explain 
the phenomenon of negative thermal expansion. 


J. PAUL ATTFIELD 


he term might sound like a euphemism 

for misfortune, as in ‘negative equity’ 

or ‘negative patient-care outcome, 
but materials that exhibit negative thermal 
expansion (NTE) are interesting and some- 
times useful exceptions to the general rule 
that substances expand when heated. Negative 
or zero thermal expansion arises from elec- 
tronic effects in some metal alloys, such as the 
iron-nickel alloy Invar (Fe ¢,Nip3.). Many 
materials in a second ‘structural’ class, in which 
NTE is associated with vibrations that bend 
an atomic network, have been discovered in 
the past 20 years. Deviations of the materials’ 
lattice vibrations from the simplest (harmonic) 
behaviour are expected to contribute to NTE, 
but most of these materials have structures 
that are too complex for detailed vibrational 
analysis. Writing in Physical Review Letters, 
Li et al.' provide an elegant demonstration 
of a non-harmonic (anharmonic) twisting 
vibration of a simple structural NTE mater- 
ial, scandium trifluoride (ScF;), that helps to 
explain the origin of NTE in this class. 


Scandium trifluoride contains a simple 
network of corner-sharing ScF, octahedra 
(Fig. 1). Other fluorides and oxides with 
the same structural arrangement do not 
show significant negative expansion, so it 
came as a surprise when a large NTE effect 
was discovered’ in ScF, across a wide range 
of temperatures, from 10 to 1,100 kelvin. 
Previously reported materials with a com- 
parable NTE, such as zirconium tungstate 
(ZrW,,O,), have more complex crystal struc- 
tures’, so ScF, has proved an ideal material in 
which to explore the subtle features of lattice 
vibrations (phonons) that can give rise to NTE. 

Li and colleagues’ used a combination of 
inelastic neutron-scattering experiments and 
phonon calculations to investigate ScF;. The 
experiments provided the phonon density- 
of-states, a detailed spectrum of lattice 
vibrations. The measurements showed that, as 
ScF; was heated, a phonon with an initial 
energy of about 25 millielectronvolts (meV) 
underwent an unusual shift to higher energies 
(stiffening), which is a signature of anomalous 
behaviour such as NTE. By comparing the 
measurements with the phonon calculations, 
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Sc-F bond 


Figure 1 | Twisting vibration in the network 
structure of scandium trifluoride. Scandium 
atoms (Sc, grey) are at the centres and fluoride 
atoms (F, green) at the six shared corners of 
each of the eight ScF, octahedra seen here in 
projection. When the Sc-Sc distances are fixed 
(dotted line), twisting vibration stretches the 
Sc-F bonds. If these bonds stretch harmonically, 
the potential energy of the motion varies with 
x", where x is transverse fluoride displacement 
(as indicated by the arrow). Li et al.' discovered 
that this form of vibration makes an important 
contribution to the phenomenon of negative 
thermal expansion in scandium trifluoride. 
(Modified from ref. 1.) 


the authors demonstrated that the 25-meV 
vibration originates from a twisting mode of 
ScF, octahedra (Fig. 1). 

A key question on structural NTE materials 
has been whether polyhedra such as the ScF, 
octahedra distort during twisting vibrations. 
If the octahedra remain rigid during the vibra- 
tions, this ‘rigid unit mode’ has a harmonic 
potential: the potential energy of the motion 
varies with the square of the amplitude (x), 
like the stretching of a mechanical spring. This 
vibration would bring the scandium atoms at 
the centre of the octahedra together, shrink- 
ing the lattice. However, if the Sc-Sc distances 
instead remain fixed so that the Sc-F bonds 
have to stretch during the twisting motion, 
the potential energy has a quartic (x*) varia- 
tion — an example of anharmonicity. Li and 
colleagues’ analysis’ of ScF, reveals that the 
twisting vibration has an almost ideal quartic 
potential. They validate their analysis by 
showing that both the initial energy and the 
stiffening of the 25-meV phonon are con- 
sistent with the quartic potential for this 
twisting mode. 

After modifying the phonon calculations 
slightly by allowing the stretched Sc-F bonds 
to pull the scandium atoms together, the 
authors demonstrate that this anharmonic 
model predicts NTE that agrees well with the 
observed thermal behaviour for ScF, (ref. 2). 


This result shows that the non-rigidity of the 
ScF, octahedra makes an important contribu- 
tion to NTE. However, this does not signal the 
end of the rigid-unit-mode approach: Liet al.’ 
acknowledge that both harmonic rigid unit 
motions and quartic anharmonic effects are 
likely to be needed to provide a full explana- 
tion for NTE. With continuing improvements 
in inelastic neutron spectroscopy and in the 
computer power available for the support- 
ing phonon calculations, the role of quartic 
anharmonicity in structural NTE is likely to 
be clarified further through future studies of 
more complex materials. 

Finally, I note that the discovery’ of NTE 
in ScF, marks another step in the seemingly 
unstoppable rise of perovskite-type mater- 
ials. Perovskites, named after the mineral 
form of the calcium titanium oxide CaTiO;, 
have structures like that of ScF, but with 
an additional atom such as calcium that 
occupies the holes formed between groups 
of eight octahedra (Fig. 1). They are already 
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known to have excellent electronic and 
magnetic properties. Very large electroni- 
cally driven NTE at ambient temperatures has 
been discovered in materials that are based on 
two perovskites, ZnN Mn, (ref. 4) and BiNiO,; 
(ref. 5); now the ‘empty perovskite’ ScF, has 
been confirmed as a fundamental member of 
the structural NTE family. = 
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On time metabolism 


In mammals, molecular clocks regulate transcription and glucose homeostasis. 
One way they do so is by controlling glucocorticoid-receptor signalling, which 
suggests that clocks are embedded in liver metabolism. SEE LETTER P.552 


JOSEPH BASS 


he idea that genes program behaviour 
| dates back to the 1970s, when research- 
ers discovered that heritable mutations 
in fruitflies alter the daily, or circadian, sleep- 
wake cycle. At a molecular level, the clock 
machinery, which is composed of an autoregu- 
latory transcription feedback loop’, is present 
in almost all cell types and generates oscilla- 
tions in the expression of at least 10% of the 
genes transcribed*”. Such observations led to 
an intensive search for the clock’s physiologi- 
cal functions. Lamia et al.* describe one such 
function on page 552 of this issue. They report 
that the clock protein cryptochrome acts as an 
on/off switch for the nuclear receptor of glu- 
cocorticoids — hormones that are involved 
in glucose and lipid metabolism’. The finding 
expands our understanding of how metabo- 
lism is coordinated with geophysical time. 
The impact of circadian clocks on organ- 
ismal energetics and survival has been inves- 
tigated in photosynthetic organisms. In 
cyanobacteria’ and plants’, alignment of the 
period length with the environmental light 
cycle (a defining property of the clock) influ- 
ences growth and reproduction. This sug- 
gests that ‘resonance’ of internal oscillators 
with the environment may provide a selective 
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advantage during evolution. In these organ- 
isms, the clock machinery also separates oxy- 
gen- and nitrogen-fixation processes, averting 
accumulation of cytotoxic free radicals and 
preventing futile energetic cycles’. 

In mammals, circadian rhythms operate at 
the behavioural, physiological and molecular 
levels. But studying the link between circadian 
cycles and metabolism in organisms with a 
nervous system is complicated. This is because 
the light response originates from the brain’s 
pacemaker neurons, whereas nutrient sens- 
ing occurs in other neurons and throughout 
many peripheral tissues. The discovery that 
fibroblasts maintained in culture exhibit self- 
sustaining circadian oscillations that show 
signature properties of a circadian clock’ was 
crucial because it hinted that peripheral clocks 
can function autonomously. Normally, how- 
ever, brain and peripheral timepieces seem to 
communicate to give rise to coherent meta- 
bolic outputs. Indeed, genetic studies suggest 
that the brain and peripheral clocks participate 
in weight regulation and in glucose and lipid 
metabolism’. 

Circadian oscillations in hormone levels are 
certainly crucial for metabolic health, and dis- 
turbances in these have been used in clinical 
diagnosis for decades. For instance, high blood 
levels of the glucocorticoid hormone cortisol 


at midnight are regarded as a sign of Cushing's 
disease. Similarly, a ‘dawn phenomenon of 
elevated blood glucose levels arises in humans 
with diabetes owing to increased production of 
glucocorticoids in the early morning. 

At a molecular level, expression of the 
nuclear receptors for glucocorticoids shows 
strong circadian oscillations’’. In fact, cer- 
tain nuclear hormone receptors are integral 
components of the clock machinery". These 
receptors’ activity results in a complex pat- 
tern of gene activation and repression, affect- 
ing metabolic and haematopoietic tissues in 
various ways. The clock protein PER2 interacts 
with several nuclear hormone receptors”, but 
the physiological impact of the clock machin- 
ery on the receptors’ function has not been 
established. 

Lamia and colleagues previously showed”? 
that the clock-repressor protein crypto- 
chrome (Cry) is a sensor of cellular energy 
state. To further dissect the coupling between 
Cry and metabolic signals, some of the same 
authors now survey interactions of Cry with 
a broad range of nuclear hormone receptors 
in mice’, 

The authors report a strong and specific 
interaction between Cry and glucocorticoid 
receptors that shifts the balance towards gene 
repression after activation of these receptors. 
In addition, Cry interacted with two nuclear 
hormone receptors that activate transcription 
of the clock-activator protein Bmall1. This sug- 
gests that Cry may contribute to the oscillator’s 
robustness by participating in a short feedback 
loop controlling Bmall1 expression. Intrigu- 
ingly, Cry interaction with glucocorticoid 
receptors was enhanced by dexamethasone* 
—a drug that acts as a glucocorticoid. Because 
circadian levels of Cry vary, this observation 
directly links glucocorticoid signalling to cir- 
cadian-clock oscillations (Fig. 1). Lamia and 
collaborators also note that Cry modulates 
patterns of gene activation and repression 
stimulated by glucocorticoid receptors. In 
Cry-deficient cells, glucocorticoid signalling 
led to a higher number of activated targets, 
and a vast decrease in the number of genes 
normally repressed by this clock protein. 

Because the main outcome of glucocorti- 
coid-receptor activity is glucose generation 
in the liver by the process of gluconeogen- 
esis, and because Cry-deficient animals 
display impaired glucose tolerance“, Lamia 
et al.* focused on Cry function in the liver. 
The authors found that Cry directly represses 
the expression of Pck1 — a gene that encodes 
the rate-limiting enzyme in gluconeogenesis 
(Fig. 1). In Cry-deficient cells, dexametha- 
sone increased Pck1 expression, but did not 
affect repression of genes mediating the 
inflammatory NF-«B signalling pathway. 
This observation indicates a separation of 
Cry functions in the gluconeogenic and 
inflammatory pathways. 

Cry deficiency also increased the sensitivity 
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Figure 1 | Biological clocks organize glucose 
metabolism. a, Glucose homeostasis is regulated 
by the interplay between non-autonomous 
circadian control — which affects glucocorticoid 
hormone levels through the brain and the 
hypothalamic-—pituitary—adrenal (HPA) axis 

— and autonomous oscillatory regulation of 
these hormones’ signalling in peripheral tissues 
such as the liver. Lamia et al.’ report that the 
clock-repressor protein Cry plays a central 

part at both of these levels. b, In the liver, the 
clock-activator proteins Clock and Bmall 
increase Cry transcription, which downregulates 
gluconeogenesis both by interacting with — and 
so inhibiting — glucocorticoid receptors (GRs), 
and by reducing the expression of the Pck1 
enzyme. As is typical of the clock machinery, 
high levels of Cry also downregulate Clock and 
Bmall transcription in a negative feedback loop, 
thus reducing its own levels and so promoting 
gluconeogenesis during the dark phase of the 
light-dark cycle. 


of mice to glucocorticoid-induced diabetes*. 
This finding has therapeutic implications 
given the widespread use of steroids — of 
which glucocorticoids are an example — for 
the management of inflammation associ- 
ated with cancer and conditions related to 
the immune system. Increasing Cry levels 
may enhance the anti-inflammatory effects of 
glucocorticoids by blocking the adverse effects 
of these hormones on glucose metabolism. 
Whereas previous work" implicated Cry in 
regulating the signalling of glucagon (another 
hormone that mediates glucose homeostasis) 
in the cytoplasm, this paper pinpoints another 
role for Cry in the control of gluconeogenesis 
at the nuclear level. The modulation of 
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glucocorticoid signalling by Cry to control 
glucose homeostasis may be relevant for 
understanding glucose overproduction by 
the liver in human diabetes, not least because 
a genomic-association study’ indicated that 
CRY2 gene variants are associated with glucose 
homeostasis in humans. 

At the organismal level, glucocorticoid 
regulation in animals is controlled through 
a classical neuroendocrine feedback loop 
involving communication between the hypo- 
thalamus, pituitary and adrenal tissues (Fig. 1). 
Lamia et al. find that, in Cry-deficient mice, 
blood glucocorticoid levels remain high at 
all times of the day-night cycle, with the 
hormone’s overproduction arising at the level 
of the hypothalamus. How Cry deficiency 

might impair feedback inhibition of steroido- 
genesis in the hypothalamus is a fascinating 
question. 

Lamia and colleagues’ findings may also 
be relevant to the spike seen in metabolic dis- 
orders among individuals subjected to shift 
work, sleep curtailment and other forms of 
circadian disruption. A feature of these dis- 
orders may be misalignment of oscillations in 
blood levels of glucocorticoids with oscilla- 
tions in both the interaction between Cry and 
glucocorticoid receptors, and their signalling 
in the liver. This study provides an additional 
example of the extensive molecular integra- 
tion and relatedness of temporal behavioural 
programmes with cell metabolism. m 
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Adapted extracts from 
selected News & Views 
articles published this year. 


HOW COMMONIS AUTISM? 
Catherine Lord (Nature 474, 166-168; 2011) 


Autism spectrum disorders (ASDs) encompass autism, Asperger’s 
syndrome and other related conditions. Core features include dif- 
ficulties in basic social and communicative behaviours, as well as 
repetitive behaviours and restricted interests. The prevalence of ASDs 
has been considered to be just over 1%. However, in a provocative, 
carefully executed study, Kim et al. present evidence for surprisingly 
high rates of these disorders — 3.74% in males and 1.47% in females 
— in school-age children in a South Korean community. The study 
is remarkable in its attempt to identify ASDs in children in main- 
stream schools, as well as in children receiving special care. Yet a larger 
question arises. Should individuals who are without impairment or 
disability — that is, without any suffering, limitations or restrictions in 
daily functioning — be diagnosed with an ASD? 

Am. J. Psychiatry 168, 904-912 (2011). 


OVERCOMING CATALYTIC BIAS 


Daesung Lee (Nature 471, 452-453; 2011) 


The alkene metathesis reaction, in which carbon-carbon double bonds 
are redistributed between alkene molecules, has had an enormous 
impact on chemical research and industry, as was recognized in 2005 
with a Nobel prize. But this remarkable reaction has an inherent limi- 
tation — it cannot generate the thermodynamically less stable isomers 
of the alkene products. Hoveyda and colleagues now report that they 
have overcome this problem using specially designed molybdenum 
catalysts. Several aspects of these new metathesis reactions remain to 
be further refined: the range of alkene substrates that can be used should 
be broadened beyond enol ethers and allylic amides, for example, and 
ways should be found to avoid using an excess of one of the reagents. 
Nevertheless, these reactions are highly promising and will potentially 
be of use for the preparation of numerous compounds, with far-reaching 
consequences for the future of metathesis chemistry. 

Nature 471, 461-466 (2011). 


UNZIPPING ZIPF’S LAW 

Lada Adamic (Nature 474, 164-165; 2011) 

Perhaps the only thing more abundant in both natural and man-made 
systems than power laws are the models that have been developed to 
explain them. Baek et al. now argue that because such models depend 
on the specifics of each system, they fail to capture the shared cause 
of this regularity. The authors instead propose a general model that can 
be applied to any division of items into groups, and that can, for exam- 
ple, account for Zipf’s law of word frequencies in text, the popularity 
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COSMOLOGY 
A MONSTER IN THE EARLY UNIVERSE 


Chris Willott (Nature 474, 583-584; 2011) 


Mortlock et al. present the discovery of the most distant accreting 
supermassive black hole, or quasar, found so far — at a redshift of 
7.085, or just 770 million years after the Big Bang. The quasar (seen 
here in an artist's impression) is a monster: a black hole with a mass 
two billion times that of the Sun, accreting gas at the maximum rate 
allowed by the laws of physics. The discovery is significant both 
for the existence of these supermassive black holes at early times 
and for the information that the quasar light provides on the state 
of the surrounding Universe. The finding illustrates the power of 
dedicated wide-field surveys on moderate-sized telescopes, and 
marks the transition from the optical to near-infrared wavelength 
regimes in the search for the highest-redshift quasars. 

Nature 474, 616-619 (2011). 


of last names, and city and county populations. A model purporting 
to explain a power-law distribution should be as general as Baek and 
colleagues’ model, or it should be able to reproduce additional fea- 
tures of the system it models, beyond the familiar straight line on a 
log-log plot. 

New J. Phys. 13, 043004 (2011). 


MALAPA AND THE GENUS HOMO 
Fred Spoor (Nature 478, 44-45; 2011) 


Following on from the announcement last year by Berger et al. of 
the remains of a newly discovered hominin species, Australopithecus 
sediba, the same group has now published five reports detailing addi- 
tional fossils and further analyses. Cave deposits at the Malapa site 
in South Africa yielded two partial skeletons, which Pickering et al. 
have found to be 1.977 + 0.002 million years old. These skeletons are 
not only well preserved and remarkably complete, but also show a 
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surprising mix of morphological charac- 
ters. The authors conclude that A. sediba 
fossils as late as those preserved at Malapa 
could have been the ancestor of Homo. It will, 
however, be difficult to uphold the suggestion 
that the extensive evolutionary change required 
could have occurred in the time available (a maximum of 80,000 years) 
if A. sediba at Malapa gave rise to Homo species. 

Science 333, 1402-1407, 1407-1411, 1411-1417, 1417-1420, 1421-1423 (2011). 


PRECISION MEASUREMENT 
ASEARCH FOR ELECTRONS THAT DO THE TWIST 


Aaron E. Leanhardt (Nature 473, 459-460; 2011) 


If I were to tell you about an elementary particle that has mass and 
charge, but neither size nor structure, yet still has a well-defined orienta- 
tion and can point in a specific direction in space, you would probably 
think I am describing something from a science-fiction novel. In fact, I 
am telling you about the electron. Hudson et al. describe an experiment 
aimed at refining our understanding of this fundamental particle and, 
more broadly, the basic laws of nature. Described colloquially, their 
experiment searches for evidence ofan aspheric distortion to the shape 
of the electron. Hudson et al. observe no such distortion. The authors 
have pioneered the use of cold polar molecules to push the search for 
an electric dipole moment of the electron to new levels. Establishing 
the existence of an electric dipole moment of a fundamental particle 
is an exclusively experimental endeavour. Hudson et al. are the latest 
to attempt such a feat. Experiments of this genre reach far beyond the 
realm of atomic, molecular and optical physics: they can be viewed as 
low-energy windows on the high-energy soul of the cosmos. 

Nature 473, 493-496 (2011). 


BEHAVIOURAL NEUROSCIENCE 
FRUITY APHRODISIACS 


Benjamin Prud’ homme & Nicolas Gompel 
(Nature 478, 190-191; 2011) 


The smell of a delicious stew often stimulates a man’s appetite, but it 
rarely turns him on. Male Drosophila fruitflies, however, behave differ- 
ently. Grosjean et al. identify how particular odours from rotten fruit and 
decaying vegetables — the creatures’ typical diet — act as aphrodisiacs 
to male fruitflies. The authors show that the neural circuit mediating 
male-fly courtship is equipped with a plug-in to sense food resources 
that modulates the decision to court females. Regardless of how male 
flies integrate food odours into the decision to mate, one may won- 
der why they do so in the first place. Linking courtship behaviour to 
a food compound gives the male 
some sway over how his progeny 
will be raised. Should the levels 
of phenylacetic acid be limited 
(read: low food resources), a male 
might not insist on courting local 
females, no matter how attrac- 
tive they smell, and might wait 
to sire progeny grown in a richer 
environment. 

Nature 478, 236-240 (2011). 


365 DAYS: 


the year in science 


STEM CELLS 
THE DARK SIDE OF INDUCED PLURIPOTENCY 


Martin F. Pera (Nature 471, 46-47; 2011) 


Induced pluripotent stem cells (iPSCs) are generated through the repro- 
gramming of differentiated adult cells and can be coaxed to develop into 
a wide range of cell types. But the ultimate value of these cells for research 
and regenerative medicine will depend on the fidelity of their repro- 
gramming to the pluripotent state, and on their maintenance of a normal 
genetic and epigenetic (involving aspects other than DNA sequence) 
status. Five recent surveys show that the reprogramming process and 
subsequent culture of iPSCs in vitro can induce genetic and epigenetic 
abnormalities in these cells. The studies raise concerns over the implica- 
tions of such aberrations for future applications of iPSCs. They provide 
little insight into the crucial question of what aspects of the reprogram- 
ming methods might predispose the cells to the accumulation of recurrent 
genetic or epigenetic lesions. Also itis unclear how best to assess the effects 
of new genetic lesions on the growth, differentiation, tumorigenicity and 
functionality of pluripotent stem cells or their differentiated progeny. 
Nature 471, 58-62, 63-67, 68-73 (2011); Cell Stem Cell 7, 521-531 (2010); 
Cell Stem Cell 8, 106-118 (2011). 


FORUM Ageing 
LONGEVITY HITS A ROADBLOCK 


(Nature 477, 410-411; 2011) 

Increased expression of sirtuin proteins has been shown to enhance 
lifespan in several organisms. New data indicate that some of 
the reported effects may have been due to confounding factors in 
experimental design. 


A VALUABLE BACKGROUND CHECK 
David B. Lombard & Scott D. Pletcher 


Burnett and colleagues’ in-depth study of the influence of Sir2 over- 
expression on lifespan in Caenorhabditis elegans and Drosophila, as well 
as on diet-modulated longevity in the fly, shows that the protein has no 
effect. Given the demonstrated importance of sirtuins in mammals, why 
rehash the precise role of Sir2 in worm and fly ageing? First, challenging 
published results is an essential, self-correcting aspect of science. Sec- 
ond, invertebrate models continue to contribute to the understanding of 
sirtuin biology in mammals, and so future studies must be interpreted 
in the context of these new data. Third, the new reports reinforce the 
importance of rigorous genetic background control when interpreting 
the effects of single gene mutations. 


DON'T WRITE SIRTUINS OFF 


Carles Canté & Johan Auwerx 


Although in light of Burnett and colleagues’ findings the appeal of sirtuins 
as a sensu stricto lifespan determinant might be gone, SIRT 1 activation 
remains a promising approach to delaying general age-related physi- 
ological decline and to treating numerous inherited and acquired dis- 
eases characterized by defective mitochondrial function. The astonishing 
ability of SIRT1 to enhance ‘healthspar’ by promoting metabolic fitness 
will also guarantee it a long life as a subject for further exciting research. 
Nature 477, 482-485 (2011). 
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Rethinking amide bond synthesis 


Vijaya R. Pattabiraman! & Jeffrey W. Bode! 


One of the most important reactions in organic chemistry—amide bond formation—is often overlooked as a 
contemporary challenge because of the widespread occurrence of amides in modern pharmaceuticals and biologically 
active compounds. But existing methods are reaching their inherent limits, and concerns about their waste and expense 
are becoming sharper. Novel chemical approaches to amide formation are therefore being developed. Here we review 
and summarize a new generation of amide-forming reactions that may contribute to solving these problems. We also 
consider their potential application to current synthetic challenges, including the development of catalytic amide 
formation, the synthesis of therapeutic peptides and the preparation of modified peptides and proteins. 
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In living systems, most amide bonds are 
formed by the complex factories that are 
ribosomes. Long, complex proteins are assembled 
amino acid by amino acid, using a templated 


Chemical reactions for their formation are among 
the most executed transformations in organic chemistry (Fig. 1). The 
prevalence of amide functionality, particularly in peptides and proteins’, 
sometimes gives the incorrect impression that there are no remaining 
synthetic challenges. This is surprising, as it is often the case that even 
simple amides resist formation, forcing practitioners to resort to ever 
more exotic and expensive reagents for their synthesis. Furthermore, 
the favourable properties of amides, such as high polarity, stability and 
conformational diversity, make it one of the most popular and reliable 
functional groups in all branches of organic chemistry. Improved methods 
for the synthesis of amide functionality, whether catalytic and waste-free 
or chemoselective and suitable for fragment coupling, are in great 
demand. 


3 
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Figure 1 | Chemical structure of amides and the conventional chemical 
method for amide bond synthesis. a, Resonance structures of an amide group. 
b, The conventional method for formation of an amide bond. It involves 
activation of a carboxylic acid by an activating group (A*), followed by 
nucleophilic displacement by a free amine to generate a new amide bond in the 
presence of coupling reagent, base and solvent. Ry and R), small molecules, 
peptides or proteins. 


amidation of amines and the active esters of 
amino acid monomers and RNA (Fig. 2a)’. Synthetic chemists, by con- 
trast, do not have the luxury of working on this single-molecule scale, and 
instead deal with trillions of molecules that must be coaxed into precise 
reaction trajectories. This strategy necessitates that nearly every func- 
tional group be protected by a bulky hydrophobic appendage, leading 
to a reliable, but rather wasteful approach to peptide synthesis, in which 
dozens of molecules are sacrificed to form just one amide bond’. 

The current methods for amide formation are remarkably general but 
at the same time widely regarded as expensive and inelegant. Not 
surprisingly, in 2007 the American Chemical Society Green Chemistry 
Institute (comprising members from major pharmaceutical industries 
worldwide) voted ‘amide formation avoiding poor atom economy 
reagents’ as the top challenge for organic chemistry°. Furthermore, even 
the best stoichiometric reagents often fail for the synthesis of sterically 
hindered amides. The issues of waste and expense associated with amide 
formation are compounded when applied to peptide synthesis, and are 
responsible for the great cost of commercial therapeutic peptides. The 
chemical synthesis of proteins is largely prohibited by limitations 
inherent to traditional amide formation, although advances in the 
chemoselective ligation of unprotected peptide fragments demonstrate 
how advances in amide-forming methodologies can have far-reaching 
impacts across scientific disciplines. 


The state of the art in amide bond formation 

Before considering emerging methodologies for amide bond construc- 
tion, we should take stock of the successes of existing amide-forming 
reactions. Acylation of amines with activated carboxylic acids is the 
most common reaction performed in the synthesis of modern phar- 
maceuticals, accounting for 16% of all reactions, according to a recently 
analysed data set of medicinal chemistry campaigns®. In the peptide 
field, the development of solid-phase peptide synthesis’ and subsequent 
improvements in coupling reagents, protecting groups, resins and chro- 
matographic methods have made the synthesis of small amounts (5- 
1,000 mg) of moderately sized (30-50 residues) peptides routine and 
commonplace (Fig. 2b). Hydrophobic peptide sequences and challenges 
with non-canonical amino acids still create problems, but there are 
few peptides of this size that cannot be produced bya skilled practitioner 
on a laboratory scale. For the synthesis or semi-synthesis of proteins, 


1Laboratorium fiir Organische Chemie, ETH Zurich, 8093 Zurich, Switzerland. 
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Figure 2 | Representation of protein and peptide synthesis by biochemical 
and chemical methods. a, Simplified cartoon depiction of protein synthesis by 
ribosomes. Proteins are assembled by templated amidation with unprotected 
amino acids (blue spheres, AA,.). The A site (grey, right) serves as the entry 
point for aminoacyl transfer RNA and elongation of the polypeptide occurs 
along the P site (grey, left) by formation of a new amide linkage. This process is 
highly efficient and readily produces very high-molecular-weight proteins. 
mRNA, messenger RNA. b, Schematic illustration of routinely used solid-phase 
peptide synthesis. Peptides are assembled on a solid support with active esters 


native chemical ligation* (NCL) has revolutionized the field and made 
possible access to materials once thought impossible (Fig. 2c). Examples 
include the preparation of enantiomeric proteins such as snow flea 
antifreeze protein’, plectasin'® and the 203 amino acid HIV-1 protease 
covalent dimer'’. An often overlooked achievement in synthetic amide 
chemistry is the access to high-molecular-weight amide-based polymers, 
including nylons and aramids, made possible by advances in polymer- 
ization techniques, among others’’. 


Emerging chemical methods for amide bond formation 


The limits of traditional amide-forming reactions and NCL will continue 
to be pushed and tested, but the next breakthrough may come from new, 
unexpected and selective methods for amide bond formation. Although 
many of the emerging methods described below are still in their infancy, 
they reflect a growing creativity and urgency among synthetic organic 
chemists in addressing what is increasingly recognized as an unmet syn- 
thetic need. This emerging generation of new amide formations may 
provide the basis for important catalytic methods or novel fragment 
coupling strategies. 

The conventional approach to amide formation is the condensation of 
an amine with a carboxylic acid via an active ester. New methods for 
amide formation fall into two broad categories classified by their reaction 
partners. In the first, amines serve as one of the reaction partners and are 
acylated by either a catalytic or oxidative fashion. In the second, novel 
combination of reaction partners lead to amide products by mechanisti- 
cally unique pathways. 


New acylation reactions of amines 

Amidation by catalytic acylation of amines with carboxylic acids. 
Traditional amide synthesis relies on a coupling reagent to convert an 
unreactive carboxylic acid into an activated carboxylate for reaction with 
amines to give amides. In the absence of a coupling reagent, the carboxylic 
acid and the amine simply form a carboxylate-ammonium salt, rather than 
an amide product, owing to the unfavourable thermodynamics of the 
amide-forming reaction. Despite this, several promising catalysts for direct 
amide synthesis from carboxylic acid and amine in the absence of a coup- 
ling reagent have begun to appear'*"*. Most prominent are the boronic acid 
catalysts, first reported in ref. 15, and with recent improvements'*'* 
(Fig. 3a). In all these cases, the boronic acid takes the role of a coupling 
reagent in generating an active ester suitable for amidation in a waste-free 
catalytic manner. 
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generated from fully protected amino acid monomers, coupling reagent and 
base. Peptides between 30 and 50 residues are routinely produced with natural 
or unnatural amino acids. c, Scheme depicting the concept of chemoselective 
amide forming ligation for the synthesis of complex peptides, proteins and 
glycopeptides. Two uniquely reactive functional groups (represented by filled 
red circle and matching grey shape) on unprotected fragments react 
chemoselectively to readily produce proteins up to 200 amino acid residues 
with fewer by-products and waste. 


Amidation by catalytic generation of activated carboxylates. A 
growing and important concept in organic chemistry is the concept of 
redox economy, in which internal exchange of oxidation states between 
adjacent functional groups within or between reactants provides access 
to a reactive intermediate without the need for stoichiometric reagents. 
In the context of amide bond formation, this has been achieved by the 
catalytic generation of activated carboxylates from functionalized 
aldehydes, such as formylcyclopropanes, «,f-unsaturated aldehydes” 
and their more conveniently prepared «-hydroxyenone surrogates”, 
a-haloaldehydes and epoxyaldehydes”. These processes work particu- 
larly well with a N-heterocyclic carbene (NHC) catalyst and a co-catalyst 
to generate an activated carboxylate, which is then converted to an 
amide with a variety of amines (Fig. 3b). Such reactions make possible 
amide formation using only catalytic amounts of reagents, and offer a 
promising solution to the recognized problem of side-product genera- 
tion in traditional amide formations. The mechanistic basis for these 
catalytic reactions requires more elaborate starting materials than clas- 
sical acylating agents generated from carboxylic acids. When used to 
access targets for which the classical monomers are not readily available, 
such as B-amino acids, the initial synthetic burden for the preparation of 
these functionalized monomers is acceptable, particularly if the sub- 
sequent amide formations do not require stoichiometric coupling 
reagents. Enantioselective variants of new NHC-catalysed reactions 
for amidation with functionalized aldehyde monomers are an area of 
intense interest, suggesting that these reactions may one day lead to 
catalytic, enantioselective peptide synthesis. 

Catalytic, oxidative amidation of amines. An alternative redox 
approach to amide formation is acylation of amines from alcohols or 
aldehydes along with a stoichiometric oxidant. NHC catalysts have 
been used for amide formation from simple aldehydes, stoichiometric 
oxidants and a suitable co-catalyst (Fig. 3b)”. Several metal catalysts and 
oxidants*’™ have also been identified for this process, with the most 
promising being palladium” and copper/silver”® (Fig. 4a). 

An intriguing example of oxidative amidation from the alcohol oxida- 
tion state is catalytic ruthenium promoted coupling of amines and alco- 
hols’. In general, this reaction proceeds in a clean atom-economical 
manner without any acid, base or additives, and generates molecular 
hydrogen as the only by-product (Fig. 3c). Thus, although it is formally an 
oxidative amidation, no stoichiometric oxidant is needed. Mechanistically, 
the ruthenium pincer-type catalyst promotes dehydrogenation of the 
alcohol to aldehyde, which then participates in amidation with amine 
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Figure 3 | Emerging organocatalytic and metal-catalysed methods for 
amide synthesis. a, Catalytic direct condensation (top) of carboxylic acid (red) 
and amine (blue) in the presence of many promising boronic acid catalysts 
(bottom) for the synthesis of aliphatic and aromatic amides. b, Organocatalytic 
redox and oxidative amidation strategies for chemoselective amide formation 
by reaction of amines (blue, middle) with aldehydes, formylcyclopropanes, 


guided by the catalyst. Several alternative ruthenium catalysts have been 
identified for this transformation, with limited improvement over the 
original ruthenium pincer catalyst**”’. 

Other than carboxylic acids, aldehydes and alcohols, alkynes have also 
been used as acyl surrogates in reactions with amines to give amides. 
Aromatic and aliphatic alkynes have been shown to react in aqueous 
basic-oxidative conditions under the control of a manganese-porphyrin 
catalyst to generate a postulated ketene intermediate that reacts selec- 
tively to give an amide (Fig. 4a)*°. In unprotected peptides, the amida- 
tion chemoselectively occurs only at the amino (N)-terminal o%-amino 
group in the presence of side-chain amine, hydroxyl and amide groups. 
Oxidative coupling of a-bromo nitroalkanes with amines. A quite 
different approach to amide formation is the oxidative coupling of 
a-bromo nitroalkanes with amines in the presence of N-iodosuccinimide 
and potassium carbonate, reported in 2010 (Fig. 4b)**. It is proposed that 
the o-bromo nitroalkane assumes the role of a nucleophile and that the 
N-iodo amine component serves as the electrophile, essentially leading to 
a reversal of traditional roles of an acyl donor and amine. This method 
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Figure 4 | Metal-catalysed and oxidative methods for amide synthesis. 

a, Left: copper-catalysed direct formation of amides from amines (blue) and 
aldehydes (red). Right, a manganese-porphyrin-catalysed amidation reaction 
between alkynes (red) and amines (blue) involving a stoichiometric oxidant. 
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is particularly attractive for the preparation of arylglycine-containing 
peptides, for which the necessary amino acid monomers are difficult to 
obtain and the peptide couplings prone to epimerization. 


Amidation by acylation with amine surrogates 

Just as chemists have developed amidations from alternatives to 
carboxylic acid starting materials, efforts to use surrogates for the 
traditional amine reaction partner have intensified in recent years. 
Towards this end, isonitriles have been shown to react with carboxylic 
acids” to generate a formimidate carboxylate mixed anhydride. This 
intermediate rearranges to a N-formyl amide under high temperature 
microwave conditions, which can then be converted to a primary amide 
by removal of the N-formyl group with a base. The harsh reaction con- 
ditions and the restricted functional group tolerance to some extent limits 
the application of this reaction for sensitive peptides or biomolecules. 
Nevertheless, very recently, cyclosporine A, a highly N-methylated 
cyclic peptide, has been synthesized in good yields by isonitrile-mediated 
coupling with peptide carboxylic acids or thioacids (Fig. 5a)**. In general, 
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b, Oxidative coupling of «-bromo-nitro compounds (top left) with N-iodo- 
amines (intermediates, not shown) for the synthesis of peptides (bottom right). 
Boc, N-t-butoxycarbony]; Bn, benzyl; T-HYDRO, t-butyl hydroperoxide; TPP, 
meso-tetraphenylporphine. 
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for the synthesis of difficult N-methylated peptides, phosphonium-based 
coupling reagents and bis(trichloromethyl)carbonate have been the 
methods of choice and now isonitrile chemistry presents interesting 
possibilities**. 

Several new chemoselective approaches to amides from thioacids 
have recently appeared (Fig. 5b), based on pioneering, but long- 
overlooked chemistry**~**. These include the coupling of thioacids with 
azides” to give amides without the use of activating or coupling agents. 
Mechanistically, the reaction between thioacid and azide is believed to 
generate a thiatriazoline intermediate that breaks down to an amide, 
liberating nitrogen and elemental sulphur. Thioacids, in contrast to 
carboxylic acids, have been shown**' to react with isonitriles at ambient 
temperature to produce a thioformimidate carboxylate mixed anhydride 
intermediate, which could then be reacted with a peptide amine to give an 
amide”. In related reactions, thioacids have been reacted with electron- 
deficient sulphonamides**, isocyanates and isothiocyanates to produce 
amide linkages*’. These reactions can even be performed in the presence 
of unprotected alcohols, partially protected peptides and highly hindered 
amino acids, and may hold promise for the challenging area of glycopep- 
tide synthesis. 


Transamidation reactions 

An interesting reaction in the context of amide chemistry is an amide- 
metathesis or transamidation process that would exchange the consti- 
tuents of two different amide groups. Efforts towards this goal have 
been reported*®. Although secondary and tertiary amides are extremely 
inert under normal conditions, they can be activated in the presence 
of aluminium, zirconium or hafnium-amido catalysts to undergo 
transamidation and amide metathesis reactions. These reactions could 
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allow secondary and tertiary amides to be used as substrates in dynamic 
covalent chemistry and oligoamide synthesis. Although the reported 
conditions are not yet suitable for reactions on proteins or unprotected 
peptides, one could imagine applications such as chemoselective 
chemical protein splicing to excise a protein segment of interest from 
a full-length protein for further studies and manipulations. As more 
mild and chemoselective metal-catalysed or enzymatic transamidation 
reactions become available, this method could become a valuable tool in 
protein engineering or in the preparation of bio-inspired materials. 


New methods for chemoselective ligation 


One of the greatest needs in new methods for amide formation is the 
discovery of chemoselective amide-forming ligations, ideally those that 
can lead to amide products in the presence of unprotected amines, 
carboxylic acids and alcohols. NCL’, in which a carboxy (C)-terminal 
peptide or protein thioester reacts with an N-terminal cysteine peptide 
or protein to give an amide-linkage, represents a nearly ideal chemo- 
selective amide formation, in that it operates under mild aqueous 
conditions without complications from unprotected side chains 
(Fig. 6a). Its limitation is the need for an N-terminal cysteine residue 
and occasional difficulties in preparing the C-terminal thioesters, par- 
ticularly by Fmoc solid-phase peptide synthesis. To circumvent these 
problems, approaches have been developed for NCL with cysteine-like 
amino acid residues”” and for accessing C-terminal thioesters’*"’. The 
wide utility and reliability of NCL has elevated it to a privileged place 
among chemical methods for peptide, protein and glycopeptide syn- 
thesis. Inspired by these advances, chemists have sought to identify 
new amide-ligation strategies that mirror the functional group tolerance 
and rapid reaction rates of NCL. Given the rare occurrence of cysteine in 
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Figure 5 | Emerging reactions for chemoselective amide bond formation 

with carboxylic acid, thioacid and amine surrogates. a, Direct condensation 
of carboxylic acid (red, middle) with isonitriles under microwave conditions for 
synthesis of amino acids, N-methylated peptides and glycopeptides. b, Reaction 
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of a thioacid (red, middle) with various amine surrogates, such as an azide, an 
electron-deficient sulphonamide, isocyanate and isonitrile, to give, in many 
cases, a native amide linkage containing amino acid, peptide, saccharide, 
aromatic and aliphatic compounds. f-, tertiary. 
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Figure 6 | Methods for chemoselective amide forming ligation for peptides, 
proteins and glycopeptides. a, Synthesis of human interleukin 8 by native 
chemical ligation (NCL) of a C-terminal peptide thioester and an N-terminal 
cysteine residue to give a native amide linkage. b, Traceless Staudinger ligation 
between a C-terminal phosphinothioester and an azide for the synthesis of a 
fragment of RNase A. c, Decarboxylative amide ligation between a C-terminal 
peptide «-ketoacid and an N-terminal hydroxylamine to form a native amide 
bond. In a-c, the numbers in parentheses represent the amino acid residues in 


many proteins, ligation at serine or threonine residues has also gained 
attention. In a recent example, C-terminal O-salicyaldehyde ester was 
found to undergo ligation to give an amide with an N-terminal serine or 
threonine peptide with excellent reaction rates and selectivity”. 

The two most promising reactions to emerge from the efforts to 
identify new chemoselective ligations are the Staudinger*’ ligation 
(Fig. 6b) and the «-ketoacid-hydroxylamine decarboxylative ligation 
(Fig. 6c)**. The traceless Staudinger amide-forming ligation, first 
reported in refs 53 and 54, involves the reaction of a peptidyl 
C-terminal phosphinothioester with a N-terminal peptide azide. This 
liberates a molecule of nitrogen and leads to an iminophosphorane 
intermediate, which breaks down to give the new amide bond. Several 
applications of this reaction have appeared, including the synthesis of 
RNase A**°* in conjunction with NCL and the chemoselective formation 
of peptide macrocycles”. Restrictions of the Staudinger ligation include 
its limited functional group tolerance, which necessitates partial or com- 
plete protection of peptide side chains. 

The a-ketoacid—hydroxylamine ligation takes advantage of a selective 
reaction between a C-terminal peptide ketoacid and an N-terminal 
peptide hydroxylamine**. The initial reaction between these two 
uniquely reactive functionalities is believed to produce a metastable 
hemiaminal intermediate that undergoes subsequent reaction to release 
a molecule each of carbon dioxide and water to produce a new amide 
bond. In a recent utilization of this ligation method, human glucagon- 
like peptide 1 (GLP1; also known as GCG), a 30-amino-acid therapeutic 
peptide, was synthesized in good yields and purity with fully unprotected 
peptide side chains”. The highly chemoselective nature of the o-ketoacid- 
hydroxylamine ligation suggests an unconventional reaction mechanism, 
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the N to C direction. d, Chemoselective silver-promoted ‘thioester ligation’ of a 
partially protected C-terminal peptide thioester and an N-terminal amine to 
obtain a fully synthetic 23 kDa MUC2 repeat glycoprotein. PG, protecting 
group; DMEF, N,N-dimethylformamide; Fmoc, 9-fluorenylmethyloxycarbony]; 
Sac, monosaccharide; HOOBt, 3,4-dihydro-3-hydroxy-4-oxo-1,2,3- 
benzotriazine; DIEA, N,N-diisopropylethylamine; DMSO, dimethyl 
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which when fully identified could help in fine-tuning the reactive 
functionalities for developing new variants of this unusual ligation. An 
interesting off-shoot of the «-ketoacid—hydroxylamine ligation is the selec- 
tive reaction between a «-ketophosphonic acid and N-(benzoyloxy)amine 
to generate an amide group in aqueous conditions without coupling 
reagents®. Application of o-ketoacid-hydroxylamine ligation and its var- 
iants for the synthesis of «-peptides, 3-peptides”' and glycopeptides” have 
begun to appear. 


Partially protected ligation strategies 


Chemoselective amide-formation with partially protected fragments 
are especially useful for the assembly of complex homogeneous 
glycoproteins. In general, the syntheses of long glycopeptides with 
highly glycosylated side chains are difficult to prepare by conventional 
solid-phase chemistries when compared to peptides of similar length. To 
circumvent this problem, chemoselective glycoprotein ligation using 
relatively small and readily accessible glycopeptide fragments has 
emerged as the preferred strategy. In addition to many established 
and emerging methods®’, the silver-ion-mediated condensation of 
partially protected peptide amines with peptide thioacids or thioester, 
commonly known as the ‘thioester ligation’, has proven to be one of the 
most dependable methods for the synthesis of very large glycoproteins. 
Following preliminary reports on reactions of thioacids in ref. 35, it was 
shown that thioesters could also be used for the ligation in the presence 
of an activating agent such as 3,4-dihydro-3-hydroxy-4-oxo-1,2,3- 
benzotriazine (HOOBt). In these methods, silver(I) reacts with the sul- 
phur atom of a peptide thioacid or thioester to generate a reactive 
intermediate, which is then displaced by a nucleophilic amine leading 
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to a new amide bond. As a testimony to the power of thioester ligation, a 
23 kDa basal MUC2 (mucin 2) tandem repeat glycoprotein containing 
141 amino acids and 42 N-acetylgalactosamine units was synthesized”. 
This represents one of the largest glycoproteins obtained by chemical 
synthesis (Fig. 6d). Although powerful for accessing large and complex 
glycoproteins, one of the drawbacks of the thioester ligation is the 
requirement of partial or complete protection of reactive functional 
groups in peptides or glycopeptides. 


New reactions for amide-based biopolymers 


Amide-based polymers have far-reaching applications, not only as 
materials encountered in everyday life but also as sophisticated tools 
for drug delivery, wound healing, biomineralization, and adhesives”. 
Commercially produced polyamides are typically devoid of unprotected 
functionalities or complex stereochemistry that give rise to the unique and 
powerful properties of emerging classes of polyamides. Incorporating 
these elements, particularly in a controlled fashion, remains a considerable 
synthetic challenge. 

Perhaps the most impressive progress to date has been the develop- 
ment of controlled/living polymerization methods® for the synthesis of 
polypeptides. In general, simple polypeptides can be accessed from 
o-aminoacid-N-carboxyanhydrides, but sometimes they suffer from com- 
plex and uncontrollable side-reactions, leading to polypeptides with low 
molecular weight and high polydispersity index. These poor properties 
preclude the desirable higher order organizations frequently found in 
biomolecules, such as the quaternary structure of proteins. A seminal 
report disclosed® the first highly efficient organonickel initiator for the 
synthesis of co-polypeptides from amino-acid-derived o%-aminoacid-N- 
carboxyanhydrides that delivered low polydispersity, high-molecular- 
weight polymers (Fig. 7a). Several other organometal initiators for 
controlled/living polymerization are emerging, and the strategy has proven 
to be very reliable for the synthesis of high-molecular-weight polypeptides 
and polyglycopeptides”. Recently, a completely different approach to the 
synthesis of polypeptides from non-amino-acid monomers was reported”'. 
In this atom-economical method, imines and carbon monoxide undergo 
alternating copolymerization reactions in the presence of a cobalt catalyst 
to readily produce high-molecular-weight polypeptides (Fig. 7b). The 
advantage of this approach is the ready availability and low cost of the 


starting materials, making it suitable for large-scale production of poly- 
peptides. 


Applications of new amide-forming reactions 


What advances might these emerging methods for amide formation 
bring? Given the ubiquity of amides in both natural and unnatural 
materials, we cannot address all of the potential applications and instead 
focus on contemporary challenges or needs that may be addressed as 
these technologies mature. 

Catalytic amide formations. Perhaps one of the greatest needs in 
amide-forming reactions are straightforward, catalytic approaches that 
reduce or eliminate the need for stoichiometric reagents. In addition to 
adding expense and chemical waste to a process, the toxicity and by- 
products associated with these reagents add complexity to otherwise rou- 
tine transformations often employed in the synthesis of pharmaceuticals 
and agrochemicals. Boronic acids and related catalysts are likely to find 
use in specialized cases, but the high temperatures and unfavourable 
thermodynamics will probably limit their applicability. The redox-based 
methods employing either N-heterocyclic carbenes or metal catalysts pro- 
ceed at lower temperatures and some do not require any added reagents. 
Some of these methods are likely to be adapted for the synthesis of non- 
peptidic amide-containing compounds. 

Production of therapeutic peptides. The remarkable story of 
entfurvitide (Fuzeon), an anti-HIV agent, encapsulates both the success 
and inherent limitations of modern peptide synthesis”*. The ambitious 
chemical production of Fuzeon by chemists at Roche using largely Fmoc 
solid-phase peptide synthesis serves as a landmark achievement in syn- 
thetic chemistry. But Fuzeon is a special case in that two, potentially 
problematic, fragment couplings of side-chain protected peptides 
occurred smoothly and the purification of the final peptide following 
global deprotection was relatively straightforward. 

In practice, large-scale peptide manufacturing presents several chal- 
lenges that are not well served by traditional solid-phase peptide syn- 
thesis’’. First and perhaps foremost is the difficulty of preparing highly 
pure materials devoid of impurities arising from additions, deletions or 
epimerization that occur during traditional peptide coupling. Late-stage 
fragment coupling requires the use of side-chain protected fragments, 
which can sometimes lead to poor yields, and still requires a global 
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Figure 7 | Established and emerging methods for transition-metal- 
catalysed polyamide synthesis. a, Controlled/living polymerization of 
a-amino acid derived N-carboxyanhydride (NCA) with organometal initiator. 
Polymerization is initiated by reaction between NCA monomer (second 
structure from left) and the organo-metal initiator (leftmost structure) to 
generate an intermediate that undergoes a proton transfer and decarboxylation, 
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resulting in chain elongation and regeneration of the organo-metal initiator. 
b, Polypeptide synthesis from substituted imines and carbon monoxide, using a 
simple cobalt catalyst. Reaction between the imine and the cobalt-catalyst 
produces an amide intermediate, which undergoes carbonylation followed by 
carbonyl insertion to generate a reactive terminus for subsequent 
polymerization reactions. M, metal; L, ligand. 
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deprotection step. For these reasons, a fragment-coupling strategy is not 
always applicable for therapeutic peptide synthesis. A second challenge 
concerns the expense and chemical waste generated by iterative peptide 
couplings, which often require large excesses of protected amino acid 
monomers, coupling agents and additives. As an example, the synthesis 
of 1,000kg of Fuzeon (containing 36 amino acids) requires about 
45,000 kg of raw materials, not including the solvents used in the syn- 
thesis or purification”. 

In this regard, the evolving reactions for chemoselective amide- 
ligation offer great potential to improve the synthesis of therapeutic 
peptides in high purity and on a commercial scale. Ligations of fully 
unprotected peptide fragments offer considerable advantages over the 
coupling of fully or partially protected fragments, including obviating 
the need for post-coupling deprotections, the ability to work under 
aqueous conditions, and facile purification of the ligated product from 
any unreacted fragments. Ligation reactions are often suited for 
couplings at near equimolar ratios of reactant, whereas traditional, 
coupling-reagent-based approaches often require an excess of the 
carboxylic acid fragment. NCL comes closest to these ideals, but the 
requirement for a N-terminal cysteine or a cysteine surrogate invites 
the identification of new variants of this reaction and the continued 
development of novel ligation chemistries described above. 

Synthesis of modified peptides. An important—and synthetically 
challenging—area is the identification and incorporation of modifica- 
tions to o-peptide-based structures that increase metabolic stability, 
potency, bioavailability and permeability. Although most small or 
medium-sized peptides composed entirely of natural amino acids have 
limited stability, relatively modest modifications (including cyclization 
or the incorporation of backbone methyl groups) can dramatically 
improve their therapeutic index. For example, there is currently great 
excitement surrounding cyclotides, which are short peptides cyclized 
head to tail by an amide linkage and further cross-linked by disulphides 
(Fig. 8a)’*’°. The synthesis of such architectures, and cyclic peptides in 
general, by traditional methods is very challenging, as it often involves 
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Figure 8 | Three-dimensional structures of representative examples for 
cyclic, knotted and N-methylated peptides. a, Kalata B1 is a cyclic peptide of 
the cyclotide family with six different loops formed by three disulphide bonds 
and a head to tail amide cyclization. b, Microcin J25 is a knotted peptide with 
unusually high stability imparted by threading the C terminus through a small 
macrocycle formed by the N terminus and a side-chain carboxylate. 

c, Subtilosin A represents a distinct class of bacterially derived cyclic peptide 
with three unusual side-chain sulphur to backbone «-carbon linkages and a 
head to tail cyclization. d, Cyclosporine A, a clinically important cyclic peptide 
with a very high proportion of N-methylated amides. 
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fully protected peptides. This could prevent the formation of its native 
conformation for correct head to tail cyclization or disulphide forma- 
tion. Advances in NCL have provided ways to synthesize diverse cyclic 
peptides and cyclotides. Conversely, new chemoselective ligation methods 
distinct from NCL could provide access to circular peptides and cyclotide- 
type peptide architectures that do not have a disulphide or a cysteine. 

The most established class of modified peptides currently used as 
therapeutic agents are natural and unnatural N-methylated peptides, 
exemplified by cyclosporine A. N-methylation of single or multiple back- 
bone amides has evolved as one of the favourite strategies to enhance 
potency, stability and structural rigidity. Synthetically, the increased 
steric demands of N-alkyl amino acids often cause great difficulties for 
amide bond formation (Fig. 8d)”’. They often require expensive coupling 
reagents and longer reaction times, risking epimerization and premature 
cleavage of the peptide from the resin by diketopiperazine formation. 
In this regard, new chemical processes that deliver N-methyl peptides, 
such as the reaction of thioacids with isonitriles followed by reduction, 
promise improved synthetic access to this class of compounds. 

The urgency in devising new synthetic reactions for amide formation 

is enhanced by the isolation and structural identification of ever more 
complicated natural peptides with highly unusual modifications. 
Despite their unique biological activities, impressive chemical and 
metabolic stability, and complex architectures, none of these structures 
can currently be chemically synthesized, limiting opportunities for 
exploring the structure-activity relationship or developing designed 
amide structures with these enviable properties. Of particular interest 
is microcin J25, in which part of the peptide is threaded through a small 
macrocycle formed by an amide bond between a side chain and the N 
terminus (Fig. 8b)’*. These form compact, globular structures, ideally 
suited for mimicking protein-protein interactions”*°. Subtilosin A* 
and thuricin CD* form another distinct class of naturally produced 
cyclic peptides, with multiple rings stitched together by a quaternary 
amino acid in which a cysteine sulphur is directly linked to the a-carbon 
of the peptide backbone (Fig. 8c). As traditional amide-forming 
reactions have largely failed for the synthesis of such structures**, new 
amide-forming reactions must now move to the front line in these 
synthetic efforts. 
Covalently modified synthetic proteins. Recent progress in the 
chemical synthesis of ‘oligomeric proteins’—consisting of several 
covalently linked protein subunits with biological relevance—illustrates 
the power of new amide-forming reactions to provide access to materials 
not readily available by either synthetic or biotechnological means. Of 
particular interest is ubiquitination, in which proteins are tagged for 
destruction by covalent post-translational modification of a lysine side 
chain by the attachment of multiple ubiquitin proteins. The application of 
a variant of NCL makes possible synthetic access to ubiquitinated proteins 
for investigations of fundamental biological questions****. 

A vital need in this area is a range of methods that would allow the 
chemical synthesis of much larger peptide structures, as current work is 
limited to perhaps at most 200 residues. Proteins in this size range can be 
obtained by NCL of two large fragments or sequences with orthogonal 
protecting groups or kinetically controlled ligations*”**. One way of 
pushing this boundary further would be the identification of two distinct 
chemically orthogonal ligation methods that can operate together in the 
same flask, thereby allowing more than two fragments to be joined 
together in a controlled fashion. Such a strategy would reduce the number 
of purification, deprotection or manipulation steps necessary for the 
assembly of larger structures. 

Functionalized amide-based polymers. Simple polyamides, such as 
nylon and related structures, have transformed the modern world by 
providing tough, durable and inexpensive materials for widespread appli- 
cations. Despite these successes, chemists are far from matching naturally 
occurring highly versatile polyamides that have both structural as well as 
functional properties. For example, no chemical methods for the produc- 
tion of materials with the strength and properties of silks or collagens ona 
meaningful scale are currently available. The potential applications of 
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chemical methods for the controlled synthesis of richly functionalized co- 
block polyamides from simple starting materials are vast. Examples of the 
application of new amide-bond forming reactions to polyamide synthesis 
are already emerging. Milstein’s ruthenium catalyst has been used® for 
direct synthesis of polyamides up to 30 kDa starting from simple diols 
and diamines, a process that has promise for low cost production of 
functionalized polyamides for biomaterials applications. In another 
impressive example, peptide self-assembly has been combined with 
chemical ligation to form” polypeptide fibrils and other architectures 
with molecular weights =3,000 kDa. This is especially useful, as it pro- 
vides access to synthetic polypeptides with a defined peptide sequence 
larger than any natural protein for applications in biophysics, basic 
protein science and cell biology. 


Outlook 


Over the past 100 years, synthetic chemists have advanced from the 
preparation of a dipeptide to the almost routine preparation of synthetic 
peptides of 50-100 or more amino acids. Structures of 20 to 40 amino 
acid residues can be prepared on a multi-kilogram scale. With a new 
generation of reagents and reactions, synthetic chemists will push 
further towards once unimaginable syntheses. 

The adoption of catalytic methods for amide formation will have the 
most immediate impact on the contemporary preparation of amide- 
containing compounds. Such reactions will be both environmentally 
sustainable and cost effective. The first applications of these new reactions 
will be in the synthesis of small molecules, but the principles and under- 
lying mechanisms can be extended to peptidic structures. This is particu- 
larly true of peptides containing unnatural amino acid residues, in which 
enantioselective variants of the catalytic reactions may provide direct 
access to not only the chiral starting material but the key amide linkage 
as well. The advantages of efficiency and selectivity inherent to catalytic 
methods for amide formation will offer new opportunities for enantio- 
selective and chemoselective reactions, including amidations in the pres- 
ence of reactive functional groups. 

Improved amide-forming reactions that tolerate unprotected func- 
tional groups will continue the revolution in the preparation of synthetic 
proteins that began with NCL. Such reactions are needed to improve the 
production and discovery of the rapidly expanding class of peptide thera- 
peutic agents currently under development. Such techniques will also aid 
the facile preparation of glycoproteins and other post-translationally 
modified structures. Among the long-term targets are methods for 
synthesis, deconstruction and reassembly of naturally expressed 
proteins. This would allow a portion ofa protein of interest to be replaced 
by a synthetic sequence containing isotopically labelled residues for 
structural analysis, incorporation of unnatural amino acids for stability 
or enhanced activity, or specific probes for interrogating binding and 
biological function. 

As we learn better ways to synthesize complex, highly functionalized 
amide-based structures without the need for aggressive reactants and 
cumbersome protecting groups, synthetic amides will provide a new 
generation of functional materials with controllable higher-order 
properties, such as adhesion, cell growth regulation and biomineraliza- 
tion. Until now, synthetic methods have not kept up with the promise 
of such materials. Chemists should take note of the challenges and 
opportunities existing in amide formation, and devise synthetic methods 
that are chemoselective, catalytic and sustainable. 
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Cancer immunotherapy comes of age 


Ira Mellman', George Coukos? & Glenn Dranoff? 


Activating the immune system for therapeutic benefit in cancer has long been a goal in immunology and oncology. After 
decades of disappointment, the tide has finally changed due to the success of recent proof-of-concept clinical trials. Most 
notable has been the ability of the anti-CTLA4 antibody, ipilimumab, to achieve a significant increase in survival for 
patients with metastatic melanoma, for which conventional therapies have failed. In the context of advances in the 
understanding of how tolerance, immunity and immunosuppression regulate antitumour immune responses together 
with the advent of targeted therapies, these successes suggest that active immunotherapy represents a path to obtain a 


durable and long-lasting response in cancer patients. 


donor T cells in the context of allogeneic bone marrow trans- 

plantation are effective treatments for a variety of haematological 
and solid malignancies’. Although not always thought of as ‘immuno- 
therapy’, the success of these biotherapeutics probably reflects the ability 
of the donor cells or antibodies to induce an immediate immune 
reaction against the cancer, bypassing the requirement to activate 
endogenous immunity. These immune treatments have been well- 
established in oncology for several decades, and continued advances 
in antibody and T-cell engineering should further enhance their clinical 
impact in the years to come (Box 1). 

In contrast to these passive immunotherapy strategies, the active 
stimulation of specific and durable antitumour immunity has proved 
elusive. In 1891, William Coley, a young New York surgeon, began 
intratumoral injections of live or inactivated Streptococcus pyogenes 
and Serratia marcescens in an effort to reproduce the spontaneous 
remissions of sarcomas observed in rare-cancer patients who had 
developed erysipelas’. Given Elie Metchnikoff’s contemporaneous work 
demonstrating the immune system’s ability to cause inflammation and 
destroy invading bacteria, ‘Coley’s toxins’ made sense by acting to 
stimulate antibacterial phagocytes that might kill bystander tumour 
cells. Some significant responses were recorded over the ensuing 40 
years, but successes were sporadic, difficult to reproduce and not 
obtained in a scientifically rigorous fashion. Superficial bladder cancer 
was one notable exception, for which the intravesical injection of live 
bacillus Calmette-Guerin after surgical resection was shown to prolong 
patient survival’. Other than this particular clinical setting, the approach 
was never embraced by oncologists who continued to rely on surgery 
and, increasingly, on effective new methods, such as radiation therapy 
and ultimately chemotherapy. Coley’s strategy was further discounted 
due to the very real risks associated with the administration of infectious, 
or at least pyrogenic, agents to already weakened cancer patients; this is 
ironic given the trauma associated with the treatments that did come 
into common use. Thus began the history of cancer immunotherapy. 
Before continuing, however, it is useful to summarize what must happen 
to elicit a protective immune response to cancer, and why overcoming 
these barriers has been so difficult. 


lh he passive transfer of anticancer monoclonal antibodies and 


Generating anticancer immunity is a multistep challenge 
Based on our current understanding of the immune response, there 
are three distinct steps that must be achieved, either spontaneously or 
therapeutically, to mount effective antitumour immunity (Fig. 1). To 


BOX | 


Established immune treatments 


Nine monoclonal antibodies targeting six cancer-associated 
proteins (Her2/neu, EGFR, VEGF, CD20, CD52 and CD33) are 
approved for the treatment of solid and haematological 


malignancies. In addition to antagonizing o 
these biotherapeutics may act by opsonizin 


ncogenic pathways, 
g tumour cells and 


triggering their death or removal by antibody-dependent cellular 


cytotoxity or phagocytosis®*. Ongoing inves 


igations in murine 


models and patients raise the possibility that they may also 
stimulate adaptive immune responses in some settings”. 


Recently, the successful conjugation of toxi 
been achieved, and these have induced a cl 


ns to antibodies has 
inical response in 


patients who are refractory to the naked antibody®®. The 


concurrent administration of immunostimu 


latory cytokines such 


as IL-2 and GM-CSF may also enhance the efficacy of antibody 


therapy. 


Allogeneic bone marrow transplantation and the infusion of 
donor lymphocytes can be a highly effective therapy for some 
leukaemias and lymphomas‘. The graft-versus-leukaemia effects 
involve the direct killing of tumour cells by donor lymphocytes, 
together with the subsequent induction of broader innate and 


adaptive reactions. On the basis of these cli 


nical benefits, many 


groups are exploring the use of adoptive T-cell therapy in the 
autologous setting. Promising strategies include the use of 
lymphodepletion before T-cell infusion, and the engineering of 


new T-cell specificities with CARs?’. 


Other immune treatments that have received the FDA approval 


include recombinant cytokines, such as IL-2 (P 


roleukin), which is used 


for melanoma and renal cell cancer. Response rates are low (~15%) 


and the significant risk of serious systemic inf 


lammation requires 


administration as an in-patient. Interferon-« is another agent that 


gained approval for 
renal cell cancer). Although also associated wi 


immunological cancers’ (that is, melanoma or 


th low response rates 


and high-dose toxicity, a small subset of melanoma patients, who are 
also predisposed to autoimmunity, has been shown to exhibit an 
impressive survival response®, It has been, however, difficult to pre- 
identify these patients, which limits the use of the approach. Yet, when 
seen, responses are durable, suggesting they reflect active antitumour 


immunity. 


1Genentech, 1 DNA Way, South San Francisco, California 94080, USA. 2Ovarian Cancer Research Center, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104, USA. 
3Department of Medical Oncology and Cancer Vaccine Center, Dana-Farber Cancer Institute, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts 02115, USA. 
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Figure 1 | Generation and regulation of antitumour immunity. 
Understanding the events in generating and regulating antitumour immunity 
suggests at least three sites for therapeutic intervention: promoting the antigen 
presentation functions of dendritic cells, promoting the production of 
protective T-cell responses and overcoming immunosuppression in the tumour 
bed. Antitumour immune responses must begin with the capture of tumour- 
associated antigens by dendritic cellls, either delivered exogenously or captured 
from dead or dying tumour cells. The dendritic cells process the captured 
antigen for presentation or cross-presentation on MHC class II and class I 
molecules, respectively, and migrate to draining lymph nodes. If capture and 
presentation occurred in the presence of an immunogenic maturation stimulus, 
dendritic cells will elicit anticancer effector T-cell responses in the lymph node; 
if no such stimulus was received, dendritic cells will instead induce tolerance 
leading to T-cell deletion, anergy or the production of T;eg cells. In the lymph 
node, antigen presentation to T cells will elicit a response depending on the type 
of dendritic cell maturation stimulus received and on the interaction of T-cell 
co-stimulatory molecules with their surface receptors on dendritic cells. Thus, 
interaction of CD28 or OX40 with CD80/86 or OX40L will promote potentially 
protective T-cell responses, while interaction of CTLA4 with CD80/86 or PD-1 
with PD-L1/PD-L2 will suppress T-cell responses, and possibly promote T,eg 
formation. Antigen-educated T cells (along with B cells and NK cells) will exit 
the lymph node and enter the tumour bed, where a host of immunosuppressive 
defence mechanisms can be produced by tumours (or infiltrating myeloid cells) 
that oppose effector T-cell function. These include the upregulation of PD-L1/ 
L2 on the cancer cell surface, release of PGE2, arginase and IDO (all T-cell 
suppressors), and the release of VEGF (triggered in part by intratumoral 
hypoxia), which inhibits T-cell diapedesis from the vasculature, and thus 
infiltration into the tumour bed. 


initiate immunity, dendritic cells must sample antigens derived from the 
tumour, which can be ingested in situ or delivered exogenously as part of 
a therapeutic vaccine. These antigens might reflect one or more of the 
many mutated proteins that are typical of cancer, the products of non- 
mutated genes that are preferentially expressed by cancer cells (for 
example, cancer-testis antigens), or differentiation antigens associated 
with the cancer’s tissue of origin, but against which thymic or peripheral 
tolerance has not been completely established (for example, melanosome- 
associated proteins in melanoma)**. On antigen encounter, the dendritic 
cells would also have to receive a suitable activation (‘maturation’) signal, 
allowing them to differentiate extensively to promote immunity as 
opposed to tolerance including enhanced processing and presentation 
of tumour-antigen-derived peptides®’. Activation signals could be 
therapeutically supplied exogenously (for example, Toll-like receptor 
(TLR) ligands or agonist antibodies against activating receptors such as 
CD40) or endogenously: dying or necrotic tumour cells release factors 
(for example, high mobility group proteins or ATP) that are thought to 
result in the immunogenic maturation of dendritic cells. In addition, 
tumour cells seem to express resident endoplasmic reticulum proteins 


REVIEW 


ectopically on the plasma membrane (for example, calreticulin) that 
promote their phagocytosis, possibly enabling the presentation of tumour 
antigens on major histocompatibility complex (MHC) class I and class II 
molecules. Some forms of chemotherapy or targeted therapy may pro- 
mote a more immunogenic phenotype’. 

Next, in lymphoid organs, tumour-antigen-loaded dendritic cells 
must generate protective T-cell responses’. The precise type of T-cell 
response needed is unknown, but they certainly include the production 
of CD8" effector T cells with cytotoxic potential. Dendritic cells may 
also trigger antibody and natural killer (NK) or natural killer T (NKT)- 
cell responses, which may contribute to tumour immunity. The lymph 
node is a second potential site for therapeutic intervention, providing 
agents that may help guide the T-cell response. However, the dendritic 
cells are again key players because they must have been matured by a 
stimulatory adjuvant to have a chance at eliciting the desired T cells. 
Presentation of antigens by dendritic cells at the steady state (that is, 
dendritic cells that have not received an immunogenic maturation signal) 
promotes tolerance by regulatory T cell (T;eg) production'?”’, which 
would oppose an antitumour response. 


BOX 2 
Mechanisms of immune suppression 


Tumours escape immune attack by a variety of complementary 
mechanisms of immunosuppression, many of which operate in 
parallel. Among paracrine mediators, adenosine, prostaglandin E2, 
TGF-B and VEGF-A exert multiple direct and indirect 
immunosuppressive activities. These mediators may function in the 
suppression of dendritic cells, indirectly inhibiting T-cell penetration 
into the tumour bed or directly suppressing effector T-cell activation 
while enhancing the function of Treg cells. For example, adenosine, 
which is released by tumour cells under hypoxia, contributes to the 
suppression T-cell-activation and Tyeg expansion. VEGF-A can also 
suppress proper T-celldevelopmentand function: VEGF-A treatment of 
mouse splenocytes during T-cell stimulation was shown to induce IL- 
10 production from T cells while suppressing IFN-y production®®. 
Tumour cells can also directly escape T-cell recognition by 
downregulating MHC class | or by disabling other components of the 
antigen processing machinery. Shedding of soluble NKG2D ligands 
such as MIC-A or MIC-B can severely compromise the ability of effector 
T cells to function in the tumour microenvironment. In addition, tumour 
cells may upregulate surface ligands, which mediate T-cell anergy (or 
exhaustion), including PD-L1 and other ligands to inhibitory T-cell 
receptors. A variety of leukocyte subsets infiltrating tumours are also 
able to suppress T-cell function. In addition to Treg cells (the 
accumulation of which in tumours correlates with poor prognostic 
outcome’’), other suppressive lymphocyte subsets have been 
reported includingIL-10 producing B cells and B regulatory cells, type! 
NKT cells, NK cells and y6 T cells. Myeloid lineage cells also promote 
immune suppression in tumours. Among these are mainly the poorly 
understood myeloid-derived suppressor cells (MDSC)!. Their 
characterization is ultimately based on their ability to suppress T and 
NK cell activation, probably through several mechanisms including 
nitric oxide, reactive oxidative species, arginase, IL-10 and TGF-B; there 
are also reports that MDSCs may specifically induce the expansion of 
Treg cells. Tumour stroma cells have an importantimmune modulatory 
role. The so-called cancer-associated fibroblasts can promote the 
recruitment and function of immunosuppressive cells through the 
secretion of CCL2 and CXCL12. In addition, they can suppress effector 
T-cells through secretion of TGF-f. Finally, myeloid-derived 
mesenchymal stem cells exert important immunosuppressive 
functions by blocking proliferation and function of T effector cells. 
Further study is needed to determine which of these mechanisms are 
most important in general, and which determine the immune status in 


individual patients. 
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Finally, cancer-specific T cells must enter the tumour bed to perform 
their function at which point immune suppression becomes a challenge 
(Box 2). Tumours may (presumably by skewing dendritic cell matura- 
tion) prevent immunization, trigger the ‘wrong’ immune response or 
enable the local accumulation or expansion of Tyg cells that would 
oppose the activity of effector T cells. Indeed, infiltration of T,., cells 
correlates with poor prognosis in a variety of epithelial tumour types'*”’. 
Tumours may downregulate their expression of MHC class I molecules 
or their expression of target tumour antigens and can also produce a 
variety of surface molecules (for example, PD-L1 or PD-L2) that engage 
receptors on the surfaces of activated T cells (PD-1), causing T-cell 
anergy or exhaustion'®’’. Expression of such suppressive ligands can 
be associated with oncogenic mutations seen in many cancers (for 
example, PTEN loss)'*. Additionally, tumours can release immuno- 
suppressive molecules, such as indoleamine 2,3-dioxygenase (IDO), 
which consumes tryptophan and limits T-cell function’’’®. Myeloid- 
derived suppressor cells can also be recruited into the tumour, and release 
additional T-cell suppressors, such as arginase and nitrous oxide 
synthase’. Hypoxia in the tumour microenvironment may promote the 
generation of adenosine, which inhibits effector T-cell function in a 
similar way”. Hypoxia can also lead to the production of CCL28, which 
attracts immigration of T,g cells”. Finally, tumour stroma cells can also 
suppress the function of effector lymphocytes. For example, mesenchymal 
stem cells block proliferation and function of effector T cells**, whereas 
tumour vascular cells can suppress T-cell adhesion (to tumour 
endothelium) and prevent homing to tumours. This effect is, in part, 
mediated by vascular endothelial growth factor (VEGF)” as well as by 
the endothelin-B receptor (ETBR, also known as EDNRB)”*. 

Thus, the success of immunotherapy seems unlikely. Any approach 
would have to overcome several significant barriers: that tumour-associated 
antigens are typically closely related or identical to self antigens, that it will 
be very difficult to separate therapeutic responses from pathological 
autoimmune responses, that both central and peripheral tolerance would 
have conspired to deplete or inactivate the relevant T-cell repertoire, and 
that the tumour microenvironment is inherently immunosuppressive. 
However, there now seems to be a path to clinical success. 


Cancer vaccines are finally showing early signals of activity 


Vaccines come in two formats: prophylactic and therapeutic’. Prophylactic 
(or preventative) vaccines have been used with considerable success for the 
prevention of cancers of viral origin, such as hepatitis B virus and human 
papillomavirus (HPV), where the aetiological agent is known. In contrast, 
the development of therapeutic vaccines to treat existing disease has proved 
problematic. The long history of failure has tainted the entire strategy of 
immunotherapy in the eyes of many oncologists. 

The idea of a therapeutic cancer vaccine originated with the discovery 
that patients can harbour CD8* and CD4™ T cells specific for cancer- 
testis or differentiation antigens expressed in their tumours*. Vaccination 
might reasonably be expected to amplify the frequency and strength of 
these pre-existing responses or perhaps induce some de novo reactions. 
Additionally, clinicopathological studies have demonstrated a strong 
association between prolonged patient survival and the presence of 
intratumoral CD3* or CD8* cytotoxic T cells and an interferon-y 
(IFN-y) gene signature’””*. Thus, if vaccination could trigger these types 
of T-cell responses, then a clinical benefit might be expected. 

Unfortunately, the many initial attempts were compromised by a poor 
understanding of the mechanism of immunization, specifically the role of 
dendritic cells. Mostly conducted by academic groups, thousands of 
patients were treated with vaccines consisting of short peptides, often 
without an effective dendritic-cell-activating adjuvant”. Free peptides are 
likely to have poor pharmacokinetic properties and may be rapidly 
cleared before being loaded onto dendritic cells, where their half-life 
may also be short. Without an adjuvant, the dendritic cells might remain 
in the steady state and promote tolerance, as much as immunity. As a 
result, there was typically poor immunization, infrequent response to the 
selected tumour antigens (assuming they were even the correct ones) and 
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minimal therapeutic benefits. Recently, however, the co-administration 
of interleukin (IL)-2 as an immune stimulant with a short peptide derived 
from glycoprotein 100 (gp100), a melanocyte differentiation antigen, 
was shown, under some conditions, to augment tumour responses and 
prolong progression-free survival compared with IL-2 alone in advanced 
melanoma patients”. These findings indicate that increasing immune 
activation with peptide vaccines is a critical step for improving thera- 
peutic efficacy. 

Because the importance and function of dendritic cells in stimulating 
T-cell responses is now well known, current vaccine trials are designed 
more rationally. One potentially promising approach involves the use of 
peptides (~20-mer) that are somewhat longer than those that bind to MHC 
class I molecules (10-12-mer). In the presence of a suitable dendritic-cell- 
activating adjuvant, these peptides are thought to be more efficient at 
generating effector T cells, perhaps because some processing may be 
required. A recent study of peptides derived from the HPV-16 E6 and E7 
viral oncoproteins administered in incomplete Freund’s adjuvant showed 
clinical responses in 15 of 19 women with vulvar intraepithelial neoplasia*'. 
Tumour regressions were associated with the generation of HPV-specific, 
IFN-y-producing CD4* and CD8* T cells. These favourable results might 
reflect in part the selection of viral gene products for immunization, because 
these proteins might be more readily recognized as foreign by the host. 
Indeed, a small trial of long peptides derived from TP53 (previously known 
as p53), a tumour suppressor often mutated in cancer, delivered in 
Montanide (an emulsion-adjuvant) induced a weaker IFN-y-producing 
T-cell-response and no tumour regressions in advanced ovarian cancer 
patients, indicating the need to optimize these formulations further, or that 
p53 is simply not sufficiently immunogenic in this setting; in contrast to 
viral antigens, p53 might also have to break pre-existing tolerance to self”. 

Full-length proteins are also being explored as targets for cancer vacci- 
nations, as they contain a broader profile of epitopes that might be pre- 
sented by dendritic cells. Among these approaches, GlaxoSmithKline is 
currently conducting a large (>2,500 patients) randomized phase III trial 
using a recombinant fusion protein encoding a single cancer-testis antigen 
(MAGE-A3) in HLA-A2-positive non-small cell lung cancer patients, 
together with their ASO2B adjuvant consisting ofa saponin/lipid-A emul- 
sion combined with TLR4 and TLR9 agonists. Initial read-outs from the 
phase II trial (180 patients) showed some survival response (27%), but this 
did not reach statistical significance**. Objective T-cell responses were not 
reported, nor were data on the level or homogeneity of MAGE-A3 
expression in the study group; this latter parameter might be especially 
important, as immune attack on sub-populations of lung cancer cells that 
lack MAGE-A3 would require diversification of the T-cell response to 
additional cancer antigens. 

Another target that has attracted some attention is the antigen receptor 
on B-cell lymphomas (idiotype), which is an example of a clonally 
expressed tumour-specific antigen. Three randomized phase III trials 
testing recombinant idiotypes (prepared individually for each patient) 
administered with granulocyte-macrophage colony-stimulating factor 
(GM-CSF) to attract dendritic cells were undertaken. One trial, in which 
eligibility was restricted to subjects who first achieved a complete res- 
ponse to cytotoxic chemotherapy, indicated that vaccination might 
prolong progression-free survival. However, the two other studies failed 
to reveal a clinical benefit, which might reflect differences in patient 
populations, vaccine manufacturing methods or that the approach is 
not sufficiently robust**. 

Viral vectors encoding tumour antigens are another vaccine platform 
undergoing evaluation. These strategies exploit the strong immune res- 
ponse directed against viral components to enhance reactivity against 
the cancer antigen. One such phase II trial (125 patients), conducted by 
Bavarian-Nordic and the United States National Cancer Institute, 
involved an initial inoculation of a recombinant vaccinia virus encoding 
prostate-specific antigen and the adhesion molecules B7-1, ICAM-1 and 
LFA-3; a similarly configured fowlpox vector was administered sub- 
sequently in a prime-boost strategy, and GM-CSF was administered 
with the vectors for further immune stimulation (the entire vaccine 


©2011 Macmillan Publishers Limited. All rights reserved 


product is termed PROSTVAC). In addition to reactivity against the pox 
viral gene products, the introduction of adhesion molecules into the 
infected cells was intended to have them serve as surrogate dendritic 
cells, although the specializations of dendritic cells for T-cell stimulation 
extend well beyond these three adhesion molecules. Whereas vaccina- 
tion had no impact on progression-free survival, there was an overall 
survival benefit: 25.1 months versus 16.6 months in the control group 
(patients treated with empty vector plus saline)**. A larger phase III trial 
is planned using vector alone, vector plus GM-CSF (as a dendritic cell 
adjuvant or attractant) or empty vector plus GM-CSF. 

A variety of earlier stage trials are also in progress, using defined 
antigens that are delivered to dendritic cells by coupling to dendritic- 
cell-targeted monoclonal antibodies (for example, DEC-205) or further 
peptide and viral vector trials, in conjunction with various adjuvants. The 
ability of these approaches to facilitate durable anticancer immune res- 
ponses, however, remains to be demonstrated, particularly on their own. 

Another strategy for vaccine therapy involves the use of cell-based 
approaches. One of the ideas underlying this strategy is that an actual 
cancer cell would already harbour a wide range of tumour-associated 
antigens (including mutant proteins), so that if used as a vaccine the 
problem of antigen selection would be reduced. A meta-analysis of 173 
published peer-reviewed immunotherapy trials in various solid tumour 
types revealed that patients immunized with whole-tumour antigen had 
low, but significantly higher rates of objective clinical response (8.1%) 
than patients immunized with molecularly-defined tumour antigens 
(3.6%)*°. Although autologous tumour cells are the best choice of 
immunogen for this approach, the complexities of vaccine manufacture 
for individual patients has led to the application of allogeneic tumour 
cell lines. Among these strategies, the one that progressed furthest into 
clinical development was GVAX for prostate cancer, advanced by Cell 
Genesys (no longer exists). The vaccine product was comprised of two 
prostate cancer cell lines that were stably engineered to secrete GM-CSF. 
After early promising results, GVAX failed in phase III trials due to lack 
of clinical efficacy’. This failure might reflect a lack of sufficient 
immunogenicity of the approach, alterations in preparation of the 
vaccine product necessitated by commercial scale-up or the inability 
of allogeneic tumour cell lines to represent adequately the spectrum of 
antigens characteristic of individual prostate cancers in patients. 

There has also been considerable interest, particularly among academic 
groups, in developing dendritic-cell-based vaccines. In this approach, 
dendritic cells are isolated from a cancer patient, loaded with antigens 
(peptides or even tumour cell lysates) ex vivo, activated and then re- 
infused back into the patient’**. Although there have been some 
promising hints of efficacy and response, as yet no clearly positive studies 
have been reported and the approach has not gained broad support from 
the biotech-pharmaceutical industry, given the complexities of cell isola- 
tion, ex vivo manipulation and re-infusion. There is, however, one notable 
exception, which will be discussed shortly. 

In general, there are many barriers to success, or at least to quantifying 
the success, of cancer vaccines administered as ‘single agents’. First, the 
criteria for defining optimal tumour antigens remain to be fully 
defined*’’. Mere expression in the target tumour population may be 
inadequate for predicting the ability to generate protective T-cell res- 
ponse. Identification of peptides bound to MHC class I on the tumour 
by mass spectroscopy can identify those antigens that yield potential 
targets"', but these peptide-MHCI complexes might not be sufficiently 
immunogenic rejection antigens (that is, able to generate effective T-cell 
responses). Moreover, antigen expression within a tumour bed can be 
heterogeneous. Even the allogeneic tumour cell line based approaches are 
limited by the fact that a given patient’s tumour will probably harbour 
mutations that are not found in the vaccine product. Second, the optimal 
adjuvant for producing antitumour CD8* T-cell responses that can be 
used safely and effectively in humans is not yet clear. The desired adjuvant 
(or adjuvant combination) will be one capable of triggering the matura- 
tion of dendritic cells to a state where they can facilitate the generation of 
tumour-reactive, CD8* cytotoxic T cells. Finally, although it is likely that 
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conditions for immunization will eventually be optimized, the effective- 
ness of a tumour-specific T-cell population may still be limited by the 
multiple mechanisms of immunosuppression used by tumours to guard 
against T-cell killing. These are not reasons to eliminate a vaccine arm 
from consideration as part of immunotherapy, but rather to highlight 
some of the difficulties in assessing success in the absence of other 
immunomodulatory agents. In the same way as other forms of targeted 
therapy for cancer, the discovery and application of predictive bio- 
markers or diagnostics, which could identify those patients most likely 
to benefit from a given vaccine, will be an important challenge for future 
development. 


An efficacious cell-based vaccine for prostate cancer? 


A fact of drug development is that performance in the clinic is the final 
arbiter of success. The first validation of active immunotherapy as a viable 
approach to cancer treatment was the Food and Drug Administration 
(FDA) approval in April 2010 of Provenge (sipuleucel-T) for advanced 
prostate cancer. Provenge was originally assumed to be an autologous 
dendritic-cell-based vaccine’ (it was developed by the eponymously 
named company, Dendreon); however, it actually comprises an in- 
completely characterized, complex mixture of peripheral blood mono- 
nuclear cells supplemented with a cytokine and tumour-derived 
differentiation antigen. In the pivotal phase III trial’, total peripheral 
blood mononuclear cells were collected from patients by leukopheresis at 
0, 2 and 4 weeks and then cultured for 36-44h at 37°C in medium 
containing a fusion protein composed of prostatic acid phosphatase 
(PAP, a tumour-associated differentiation antigen) and GM-CSF before 
reinfusion. This was compared with a placebo that was prepared by 
incubating one-third of the leukopheresis product for 36-44h at 
2-8 °C without exposure to the fusion protein (the remaining two-thirds 
were cryopreserved to allow for subsequent vaccine manufacture in a 
salvage protocol). Thus, the control not only lacked the presumptive 
immunizing antigen, but was also processed differently. 

The clinical results showed little evidence of tumour shrinkage or delay 
in disease progression. By standard response evaluation criteria in solid 
tumours (RECIST) criteria, only 1 out of the 341 patients in the active 
arm showed a partial response. At least a 50% reduction in prostate- 
specific antigen levels on at least two visits was shown in 2.6% of the 
patients versus 1.3% in the placebo group. Nevertheless, a 4.1 month 
improvement in median survival was achieved (25.8 months versus 
21.7 months), which was deemed significant by the FDA in a patient 
population that has few, if any other, effective therapeutic options. 

While Provenge is clearly a cell-based therapy, there may be other 
mechanisms involved. Although the majority (66%) of survivors showed 
an antibody response to the fusion protein, the fraction of patients pro- 
ducing antibodies that recognized endogenous PAP was much lower 
(28.5%). Moreover, T-cell responses to either the fusion protein or PAP 
were not associated with survival. These discrepancies might reflect a 
limitation of monitoring antitumour immune responses in the peripheral 
blood compared with the tumour microenvironment. However, they also 
raise the possibility that other undefined factors in the cellular product 
may have an important role. Further studies are required to understand 
the therapeutic mechanism of Provenge, and to define the impact of the 
different cell-processing procedures on the placebo product. 

The lack of tumour shrinkage, the criterion typically used to gauge the 
efficacy of cancer treatments, in the face of a survival benefit is surprising, 
but perhaps not unexpected for immunotherapy. As seen pre-clinically, 
an effect on pre-existing tumours due to immune manipulations can be 
delayed while an immune response develops**“°. Furthermore, biopsies 
of metastases after vaccination in some clinical trials revealed the pres- 
ence of immune infiltrates that mediate tumour destruction in asso- 
ciation with extensive oedema, which may be followed by fibrosis*®. 
These histopathological findings suggest that monitoring tumour size 
alone may be inadequate for assessing the overall therapeutic effects of 
vaccination. As discussed later, these considerations apply to the evalu- 
ation of CTLA-4 antibody blockade, highlighting the need to modify 
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tumour response criteria in light of new insights into the biology of 
immunotherapy”. 


The potential of directly harnessing lymphocytes 


Adoptive transfer of lymphocytes with tumoricidal properties can, in 
theory, bypass the daunting task of breaking tolerance to tumour 
antigens and generating a high frequency of high avidity effector T cells. 
The discovery that host lymphodepletion facilitates engraftment of 
adoptively transferred T cells has enabled the successful transfer of 
ex-vivo-expanded tumour-infiltrating lymphocytes (TILs) from patients 
with melanoma, with marked clinical responses, some of which are 
complete and durable*”**. 

Advances in T-cell culturing methods and T-cell engineering, through 
retroviral vectors carrying cloned T-cell receptors or chimaeric antigen 
receptors (CARs) enriched by co-stimulatory signalling domains, has 
expanded the opportunities for adoptive T-cell therapy beyond patients 
with resectable tumours harbouring reactive T cells to a larger population 
with solid tumours expressing the cognate target(s)"”. The advent of 
CARs bypasses the need for tumour cells to possess functional antigen- 
processing machinery and express antigen through MHC class I or II 
molecules; transduced T cells can recognize the intact surface protein 
through the affinity domain (usually a scFv antibody) of the artificial 
CAR. Early clinical results appear very promising’’*'. However, safety 
issues surrounding the selection of the target, the paucity of such targets, 
manufacturing complexities and costs, and the lack of durable response 
in many patients indicates that additional interventions are required to 
properly direct and activate T cells in the tumour microenvironment. 

A far more convenient approach may be the therapeutic use of 
bispecific antibodies that engage both the TCR and an antigen on the 
tumour cell surface. In B-cell lymphoma and leukaemia, MicroMet” has 
applied this approach with impressive clinical success. However, the 
platform has a number of liabilities including neurotoxicity and the 
necessity for continuous pump-mediated infusion due to the very rapid 
clearance of the antibody fragment. Nevertheless, such bispecific 
antibodies further emphasize the possibility of repurposing T-cell 
specificity for therapeutic benefit. 


Ipilimumab’s emergence as an effective therapy 


The most important development for cancer immunotherapy, and 
hopefully for the benefit of many cancer patients, was the recent readout 
of the ipilimumab phase III trials in late-stage metastatic melanoma. Not 
only was a clear survival advantage observed for a patient group with no 
other therapeutic options, but it was achieved with an agent whose 
mechanism of action is virtually certain to involve the modulation of 
endogenous T-cell responses. The results were deemed. significant 
enough that in March 2011 the FDA granted broad approval for use 
in patients with metastatic melanoma, either as initial therapy or after 
relapse. 

Ipilimumab is a monoclonal antibody to CTLA4, whose role in regu- 
lating T-cell function has been studied for many years by a number of 
groups, notably by Allison and colleagues’. CTLA4 is a key negative 
regulator that is recruited to the plasma membrane on T-cell activation 
where it binds to members of the B7 family of accessory molecules 
expressed by dendritic cells and other antigen-presenting cells (Fig. 2). 
CTLA4 ligation effectively inhibits further activation and expansion, 
thereby controlling the progress of an immune response and attenuating 
the chances for chronic autoimmune inflammation. The negative 
regulation is overcome by use of a blocking antibody. The fundamental 
importance of CTLA4 in controlling T-cell function is well-illustrated by 
the phenotype of Ctla4-'~ mice, which die of an aggressive lympho- 
proliferative disorder at a young age™**>. Interestingly, CTLA4 ligation is 
also important for the immune suppressive function of T, ¢g cells, by further 
assisting to dampen T-cell responses”. Tg function is also thought to be 
blocked by anti-CTLA4. 

The rationale for using anti-CTLA4 in cancer therapy was to un- 
restrain pre-existing anticancer T-cell responses and possibly trigger 
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Figure 2 | Biological activities of CTLA-4 antibody blockade. a, On 
encountering a dendritic cell presenting a cognate tumour-antigen-derived 
peptide epitope and expressing B7 co-stimulatory molecules (CD80, CD86), 
specific antitumour T cells become activated through TCR and CD28 
signalling. b, CTLA-4 is subsequently upregulated and preferentially engages 
B7 to attenuate T-cell response. c, Ipilimumab blocks CTLA-4 function, 
thereby allowing enhanced T-cell stimulation and a more potent antitumour 
reaction. Ipilimumab may also antagonize CTLA-4 on regulatory T cells to 
limit their ability to suppress the antitumour T-cell effector response (not 
shown). d, CTLA-4 antibody blockade compromises tolerance to some normal 
tissue antigens, provoking inflammatory toxicities that can have an impact on 
the skin, pituitary gland and intestine in human patients. 


new responses. It is well-known for melanoma (and other diseases) 
that TILs exist, and they can bear specificity for tumour antigens*””~”. 
Pre-clinical studies using mouse models were promising, which led two 
companies (Pfizer and BMS/Medarex) to put two different anti-CTLA4 
antibodies into the clinic. Phase II trials failed to reach their endpoints of 
tumour regression, but BMS/Medarex felt there was sufficient potential 
for long-term benefit, and so a lengthy randomized phase III trial was 
initiated in relapsed-refractory metastatic melanoma patients to deter- 
mine overall survival. Their antibody, ipilimumab, was given to one arm, 
antibody plus a short peptide (gp100) for a melanoma differentiation 
antigen was given to a second arm and the control arm received the 
short peptide alone. Although the Kaplan-Meier plots of survival were 
inseparable for the first few months, a twofold survival benefit was 
detected at 12-15 months in both antibody arms, which was still durable 
after 2.5 years and included a complete response in some patients”. 

Ina second BMS/Medarex randomized trial involving 502 patients with 
previously untreated metastatic melanoma, the addition of ipilimumab to 
standard dacarbazine therapy was shown to improve overall survival 
compared with dacarbazine alone (11.2 months versus 9.1 months). 
Furthermore, the combination treatment significantly increased the pro- 
portion of surviving patients with at least 3 years of follow-up (20.8% 
versus 12.2%)°'. Although only a relatively small fraction of patients 
derived clinical benefit, these studies clearly establish ipilimumab as an 
active agent, which offers patients, who would normally be at the terminal 
stage of this disease, clinically meaningful benefits and the possibility of 
long-term survival. Furthermore, the results validate the idea that 
activating the T-cell compartment can, on its own, provide a significant 
therapeutic effect. 

The use of ipilimumab does present some clinical and scientific 
challenges. First is the significant rate of on-target toxicities observed. 
Up to 23% of the ipilimumab-treated patients developed serious (grade 
3-4) adverse events including colitis and hypophysitis due to induced 
inflammation (possibly autoimmune in nature), and in conjunction with 
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dacarbazine, approximately 20% showed significant elevations in liver 
function tests. However, toxicity does not accurately predict positive 
therapeutic outcome, indicating that many patients will experience 
inflammatory pathology without benefiting from an antitumour effect. 
These toxicities might be expected given that the removal of CTLA4 from 
mice leads to virulent inflammatory disease, as mentioned earlier. The 
different spectrum of toxicities with ipilimumab compared with standard 
cancer treatments means that practising oncologists will need to acquire 
additional expertise in the management of inflammatory disorders. 

A second clinical challenge with ipilimumab relates to the kinetics of the 
antitumour response. In contrast to conventional cytotoxic therapies that 
may trigger rapid tumour shrinkage due to direct killing of cancer cells, the 
stimulation of T-cell response with ipilimumab may take several months 
to occur. Tumours may increase in size during this period, and some 
component of this growth may be a result of the evolving inflammatory 
reaction. Indeed, as many as 10% of patients treated with ipilimumab, who 
were scored with progressive disease using the modified WHO (World 
Health Organization) criteria for tumour size, were shown to achieve 
disease stabilization and prolonged survival**®’. This unusual pattern of 
treatment response has led to the proposal of new immune-related criteria 
that may aid clinical decision making regarding continuation of therapy” 
(Box 3). 

The rationale for ipilimumab monotherapy is that its use so far 
assumes that tumour-protective T cells exist in the patient before therapy, 
and that these cells will exert antitumour activity if CTLA4 is blocked. 
The previously mentioned clinical studies were carried out without 
concomitant effective immunization. An uncoupled peptide to the 
melanoma differentiation antigen epitope was included in some arms, 
but dosed without adjuvant or a dendritic cell maturation agent. 
Although it would be expected for CTLA4 to be induced in tumour- 
reactive T cells only after immunization, the clinical response observed 
in the absence of prior exogenous vaccination indicates that tumour- 
reactive TILs expressing CTLA4 are responsive to checkpoint blockade 


BOX 3 
Clinical assessment of 
immunotherapy 


Oncologists traditionally evaluate the activity of cancer therapies 
through measurements of tumour area or volume. These standard 
metrics include the RECIST and modified WHO criteria. Clinical 
responses to cytotoxic treatments, such as chemotherapy, radiation 
therapy and some targeted agents usually occur quickly (within a few 
weeks to months) because their presumed mechanism of action 
involves a direct effect on tumour cells. Moreover, these treatments 
generally result in a reduction in tumour size because cancer cells 
undergo apoptosis or other modes of programmed cell death. 
Although tumour regression indicates the therapy is beneficial , this 
may not always translate into improvements in survival due to the 
potential emergence of lethal drug-resistant cells. Immunotherapy- 
induced tumour destruction, in contrast, may be delayed or even 
preceded by a period of apparent tumour growth. In clinical trials of 
ipilimumab, 10-20% of patients showed an increase in tumour size 
when evaluated 3 months after starting treatment, but subsequently 
achieved prolonged tumour control or regression without any 
additional intervention. These patients demonstrated long-term 
survival comparable with patients who had more rapid tumour 
regression. The mechanisms underlying the delayed response are not 
yet well understood, but mightinclude the effects of immune infiltrates 
in tumours or just the long period of time required to generate 
sufficient T cells to accomplish tumour killing. This distinctive biology 
has led to the proposal of immune-related response criteria*°, which 
allow for greater flexibility in following the increase in tumour size 
during immunotherapy before declaring treatment failure. 
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and acquire effective tumour-rejecting functions. The notion of exogenous 
versus endogenous vaccination is discussed later. 

Despite these limitations, ipilimumab provides realistic hope for 
melanoma patients, particularly those with late stage disease who otherwise 
had little chance of survival. More broadly, it provides clear clinical 
validation for cancer immunotherapy in general. The results will also 
intensify the search for predictive biomarkers for positive responders. 
Other applications of ipilimumab are already being vigorously pursued, 
and the door has been opened for the development and investigation of a 
host of other potential immunotherapeutic strategies, some of which may 
prove safer and more effective than targeting CTLA4. At long last, there is 
the prospect of combining this treatment with other immunotherapeutic 
regimens, such as effective vaccination, which, arguably, should have 
been considered much earlier in the clinical study history of anti-CTLA4. 


The next generation T-cell immunomodulators 


The success of anti-CTLA4 in melanoma should create interest in evalu- 
ating other antibodies that can be used to activate T-cell responses. 
There are a number of known receptors that could serve as targets for 
agonist antibodies, including 4-1BB, OX40, GITR, CD27 and CD28 
(Fig. 3). The latter, however, introduces a cautionary note owing to an 
early clinical trial of an agonist anti-CD28 (TGN1412) in which severe 
toxicities and even death resulted from unexpected cytokine release. 
These serious events emphasize the power of the immune system and 
the need for extreme care and a conservative trial design when using any 
immune activator. The use of agents that clear more rapidly from the 
circulation than intact IgGs may help mitigate the potential for such 
toxicities, or at least enable the more rapid removal of the inducing drug. 
The same consideration may apply to anti-CTLA4 therapy, where 
alternative dosing strategies may serve to increase its therapeutic index. 

LAG-3 is another T-cell receptor that, like CTLA4, is largely suppressive. 
Not as well studied as CTLA4, LAG-3 appears similar in that it acts to limit 
the activity of CD4* and CD8™ T cells, and augment the activity of Teg 
cells**®. In the same way as CTLA4, there is also a significant intracellular 
pool of LAG-3 (ref. 66). However, the functional consequences of its 
deletion are far less dramatic because it may work alongside other regula- 
tory molecules (for example, PD-L1)°’. This situation suggests, however, 
that antagonizing LAG-3 may provide an alternative to antagonizing 
CTLA4, and perhaps have a better safety profile. 
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Figure 3 | T cell targets for immunoregulatory antibody therapy. In 
addition to specific antigen recognition through the TCR, T-cell activation is 
regulated through a balance of positive and negative signals provided by 
co-stimulatory receptors. These surface proteins are typically members of 
either the TNF receptor or B7 superfamilies. Agonistic antibodies directed 
against activating co-stimulatory molecules and blocking antibodies against 
negative co-stimulatory molecules may enhance T-cell stimulation to promote 
tumour destruction. 


22/29 DECEMBER 2011 | VOL 480 | NATURE | 485 


©2011 Macmillan Publishers Limited. All rights reserved 


REVIEW 


Another attractive approach, which is beginning to receive some 
clinical validation, is targeting immunosuppression in the tumour 
bed. Even if a vaccine or T-cell modulation therapy is successful, the 
ability of tumours to counteract immune effectors may limit the clinical 
benefit. Of current clinical interest is the PD-1/PD-L1(-L2) axis. PD-1 is 
expressed by T cells, particularly activated T cells, and binds to its 
ligands PD-L1/L2 that can be expressed by potential target cells, thereby 
rendering the T cell unresponsive or ‘exhausted’**. This axis is well- 
characterized as limiting the T-cell response to chronic virus infection®, 
but increasingly it is thought to have a role in limiting the immune 
response in cancer as well”. A variety of tumours, including melanoma, 
ovarian, renal, hepatocellular and glioblastoma, have been found to 
express PD-L1 (and occasionally PD-L2). PD-L1 expression has been 
found to correlate with poor prognosis’!”’, and to increase on activation 
of the oncogenic PI3K pathway (for example, by PTEN deletion)”. 
Antibodies to PD-1 have now reached the clinic. In early phase I trials 
they have shown good activity in a variety of cancer types and, so far, 
have a toxicity profile that seems safer than ipilimumab”*. The reduced 
toxicity is consistent with the generally milder autoimmune phenotype 
seen in PD-1-/~ mice compared with Ctla4—'~ mice. However, lung 
inflammation and cardiomyopathy observed in mice”*”* may prove to 
be a concern in the clinic. An important biological and clinical question 
is whether the effector function of tumour-reactive TILs co-expressing 
multiple inhibitory receptors can be fully recovered by targeting a single 
receptor, or whether combinatorial checkpoint blockade is required for 
sustained tumour protection. 

Other potential approaches to T-cell immunosuppression include 
targeting T,., cells for inactivation or depletion because, in many 
tumour beds, the infiltration of T,., cells may act to oppose effector 
T-cell function as much as the presence of negative regulatory molecules 
on the surface of effector cells (for example, PD-1). Whereas no specific 
surface marker of Treg cells has yet been identified, some proteins, such 
as GITR and OX40, may be transiently expressed, possibly enabling 
them as targets (although they are also expressed by activated effector 
T cells in humans)’*”’. Anti-CD25 antibodies may preferentially deplete 
Treg, at least following short-term therapy, and may help increase the 
efficacy of active immunization”’. Finally, low-dose cyclophosphamide 
may preferentially target T,.¢ and allow for attenuation of T,.g in the 
context of immunization protocols’””*®. 

As mentioned earlier, tumour beds can produce a number of soluble 
mediators that counteract T-cell function, such as IDO (indoleamine 
2,3-dioxygenase), arginase and prostaglandin E2 (PGE2)*'; to the extent 
that these agents can be diagnostically demonstrated as predictive bio- 
markers. Efforts to inhibit their activities with either small molecule or 
antibody antagonists might also be useful additions to a portfolio of 
cancer immunotherapeutics. Furthermore, as knowledge on the immuno- 
regulatory function of tumour vasculature increases, therapeutic 
manoeuvres to ‘normalize’ the tumour vessels in combination with 
immunotherapy seem to be an interesting development. Indeed, 
VEGF blockade has resulted in increased T-cell homing to tumours” 
and has enhanced the efficacy of immunotherapy in the mouse®. Lastly, 
the importance of tumour-promoting inflammatory pathways, such as 
STAT3 and NF-«B signalling, and cytokines including IL-6, IL-17, IL-23 
and tumour-necrosis factor-« (TNF-a) has been demonstrated™. 
Inhibition of these circuits might not only antagonize tumour progres- 
sion, but also enhance the activity of immunotherapy. 


Combination immunotherapy 


The use of combinations of chemotherapeutic drugs has traditionally been 
a mainstay of oncology. Even in the relatively recent age of molecularly 
targeted therapies, the development of combinations is proving to be of 
benefit to broaden the response and to treat resistance. The difference is, in 
theory, combinations of targeted agents can be combined rationally, in a 
scientifically guided fashion. There is no reason to believe that the same 
will not hold true for immunotherapy. 
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In melanoma, there has been another recent success in the small 
molecule realm. For patients bearing the V600E activating mutation 
of BRAF, the Roche inhibitor vemurafenib has been shown to yield a 
marked response in more than 50% of patients**. Yet, resistance 
develops rapidly (<1 year), creating the necessity for additional therapy. 
Although one probable effective approach is to add a second small 
molecule inhibitor to MEK, to prevent the tumour from activating a 
compensatory pathway, one might predict the tumour will also circumvent 
this strategy. Therefore, the prospect of generating long-lasting protective 
immunity during the remission period is intensely attractive and trials 
combining ipilimumab with vemurafinib are in the planning stages. 
Since vemurafinib-induced death of tumours can be expected to release 
endogenous tumour antigens, it is possible that the small molecule and 
immunotherapeutic approaches may synergize, with BRAF inhibition 
acting to help prime de novo T-cell responses that can then be facilitated 
by the anti-CTLA4. Success, however, makes the assumption that the 
BRAF inhibitor is not suppressive of immune responses under the condi- 
tions that the two agents would be combined in the clinic. 

In this and all other instances where immunotherapeutics are to be 
combined with targeted or chemotherapeutic agents, it will be critical to 
assess the potential interactions of the combination(s). Small molecule 
inhibitors, and cytotoxic chemotherapy alike, may act on cells of the 
immune system to block dendritic cells or T-cell function, or modify the 
tumour or tumour microenvironment in a way that will antagonize the 
development of immunity. Alternatively, conditions may be found 
where such inhibitors or cytotoxic drugs may be immunostimulatory 
to T cells, as recently suggested for an LAP antagonist*® or, surprisingly, 
for the mTORCI inhibitor, rapamycin, which is normally used as an 
immunosuppressive agent in the transplant setting*’. Similarly, 
although conventional wisdom viewed the effects of chemotherapy as 
obligatorily deleterious to immune mechanisms, such effects are drug-, 
dose- and/or schedule-dependent. As the same agent may prove inhibitory, 
benign or even stimulatory depending on the stage of immune response 
being targeted and the dose/schedule being used***’, great care must be 
exercised when designing clinical protocols in case an efficacious drug is 
dismissed due to negative interactions or suboptimal dosing schedules. 

The effects of conventional chemotherapeutics on the immune 
system may be more nuanced than previously believed. Evidence is 
emerging that tumour cells can die in multiple ways, with some forms 
of (apoptotic) death actually leading to the enhancement of an immune 
response to the tumour”. So-called immunogenic cell death is charac- 
terized in part by the release of ATP and high mobility group protein B1, 
which could activate local infiltrating myeloid cells and dendritic cells by 
a purinergic receptor or TLR4, respectively. Cytotoxic agents that elicit 
this death fingerprint may have the ability to help induce antitumour 
immune responses and, therefore, be better candidates for combination 
therapy with immunologically active agents. Again, great care must be 
exercised to ensure such agents are used at doses and schedules that do 
not suppress effector CTLs. 

Finally, the prospect of combining immunotherapeutic agents 
themselves must be considered. To do this rationally, one must return 
again to the various steps of the immune response that need to be 
addressed to generate anticancer immunity (Fig. 1), consider the step(s) 
under the control of each agent, and assess the potential for overlapping 
or synergistic toxicity that would decrease rather than increase thera- 
peutic index. For example, combining anti-CTLA4 with anti-PD-1 
makes sense biologically, as the two agents remove the brakes from 
T-cell activation at two distinct stages: proliferation (CTLA4) and 
effector function (PD-1). Yet, both might be expected to show similar 
adverse events, underscoring the need to define carefully the potential 
for serious toxicity. 


Revisiting vaccine use 

Agents that act at the effector stage (for example, anti-PD-1 or inhibitors 
of immunosuppression) can only act by re-energizing the pre-existing T 
cells. Agents that act at the proliferation or activation stage (for example, 
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ipilimumab) can probably enhance not only pre-existing responses but 
also de novo responses. Thus, either could work well in conjunction with 
a vaccine approach, which is the place where immunotherapy in cancer 
got its start. However, it is debateable whether endogenous or exogenous 
vaccines would be preferable for this purpose. 

Exogenous vaccines involve introducing preselected antigens on 
antibody delivery vehicles targeted to dendritic cells, encoded in viral 
vectors, or administered as peptides or proteins in a suitable adjuvant 
and carrier. The approach has been highly effective in generating 
prophylaxis and protective immunity against infectious agents’. In fact, 
such vaccines represent some of medicine’s greatest successes. Vaccines 
have been far less impressive in cancer, which could be a reflection of the 
use of poor platforms that fail to elicit optimal antigen processing or 
presentation by dendritic cells, suboptimal adjuvants, or the absence of 
co-administered agents that facilitate T-cell responses or overcome 
immunosuppression in the tumour bed. In addition, the antigens 
selected may have been poorly chosen, unable to generate protective T 
cells with high affinity T-cell receptors because the tolerance barrier was 
too high or unable to generate a sufficient quantity of T-cell receptor 
ligands (peptide-MHC class I complexes) at the tumour cell surface. 

Endogenous vaccines involve mobilizing antigens from a patient's own 
tumour, in situ. This would have to be accomplished by inducing tumour 
cell death under conditions that favour the ability of endogenous dend- 
ritic cells to capture, process and present tumour-derived antigens. 
Although less controllable than the exogenous approach, endogenous 
vaccines have the distinct advantage of potentially allowing the presenta- 
tion of the dozens, or hundreds, of mutations harboured by cancer cells®. 
Ifeven only a fraction of these can form MHC-binding peptides that serve 
as T-cell epitopes, then as neo-antigens they would certainly not have 
been subject to suppression by central tolerance. Whether chemotherapy 
alone is sufficient to induce such in situ vaccination, however, is 
unknown. Because of the powerful immunosuppressive circuitries oper- 
ating in the tumour microenvironment, additional signals are probably 
required to correctly polarize the tumour-infiltrating-antigen presenting 
cells, which can be now achieved by pathogen-derived signals or other 
dentritic cell maturation agents. 

A recent attempt at endogenous vaccination involves the intratumoral 
injection of replication-conditional herpes simplex viruses engineered to 
secrete GM-CSF. These oncolytic viruses (OncoVex), which have entered 
phase III testing in melanoma, cause lysis of tumour cells on infection, 
when GM-CSF release may enhance dentritic cell function in the tumour 
microenvironment to stimulate responses against autologous cancer 
antigens’’. A second attractive approach involves the combination of 
cytotoxic therapies in conjunction with agonistic antibodies to CD40. 
Whereas this strategy might be predicted to augment dendritic cell 
priming of antitumour T cells, an important role for macrophage- 
mediated killing was implicated instead’*. Lastly, combinations of 
chemotherapy with TLR agonists could provide the right ingredients 
of tumour antigen release and tumour antigen presenting cell activation. 


Perspectives 


Despite its long, if not always distinguished, history, these are early days 
for the new science and clinical practice of cancer immunotherapy. 
Nevertheless, as an exciting therapeutic strategy that merits serious 
consideration by the biopharmaceutical industry and clinical oncology 
community alike, recent results have allowed cancer immunotherapy to 
finally come of age. This transition coincides with another development 
of the cancer immunology field. For much of the twentieth century, the 
focus was on cancer ‘immunosurveillance’ given the prominent view 
that the immune system has a homeostatic role in controlling cancer. 
When oncogenic or other mutations occurred, the immune system was, 
in theory, thought to respond, thereby preventing the development of a 
tumour, at least when the system was operating normally. This concept 
was refined by ‘immunoediting’, which recognizes the complex and 
dynamic cross-talk between the tumour and the host throughout all 
stages of disease development, including the possibility of tolerance”. 
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In the twenty-first century, however, we believe emerging pre-clinical 
and clinical data has turned attention directly towards the primary role 
of ‘tolerance and immune suppression’. This leaves aside the issue of 
whether the immune response has a homeostatic function in prevention. 
The cancer develops and escapes control either because the tumour cells 
are too similar to their normal counterparts and, therefore, do not elicit 
sufficient immunity, or because they are adept at inducing peripheral 
tolerance. Whereas ipilimumab might work either to induce a de novo 
response or enhance a pre-existing one, the clinical activity of anti-PD-1 
antibodies seems to be more closely associated with overcoming 
tolerance than with generating an anticancer T-cell repertoire. 

Cancer immunotherapy has come of age at just the right time. The 
advent of a cohort of inhibitors that target oncogenic pathways with ever 
greater specificity is starting to reveal significant and sometimes spectacular 
responses in several indications. Yet, even in diagnostically defined popu- 
lations, these responses can be transient or require continued dosing. If 
such drug regimens can be matched to appropriate immunotherapies, 
activating a patient’s immune system during a time of tumour reduction 
and remission may be the best way to ensure that responses are converted 
to a long-term and durable benefit. As well as the development of addi- 
tional agents to prime and guide the immune response, appropriate 
pharmacodynamic biomarkers will have to be implemented to determine 
if a given immunotherapy is having the desired effect and appropriate 
diagnostics used to identify which strategy to apply to which patient. 
Finally, scientists, drug developers and oncologists will have to work 
together to implement new metrics for evaluating the effectiveness of 
immunotherapies. Their mechanism of action is so distinct, both 
mechanistically and temporally, compared with conventional cytotoxic 
drugs, that they cannot be expected to perform according to standards 
developed a generation ago, even though the result may ultimately be 
curative. 
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DNA-binding factors shape the mouse 
methylome at distal regulatory regions 
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Methylation of cytosines is an essential epigenetic modification in mammalian genomes, yet the rules that govern 
methylation patterns remain largely elusive. To gain insights into this process, we generated base-pair-resolution mouse 
methylomes in stem cells and neuronal progenitors. Advanced quantitative analysis identified low-methylated regions 
(LMRs) with an average methylation of 30%. These represent CpG-poor distal regulatory regions as evidenced by location, 
DNase I hypersensitivity, presence of enhancer chromatin marks and enhancer activity in reporter assays. LMRs are 
occupied by DNA-binding factors and their binding is necessary and sufficient to create LMRs. A comparison of neuronal 
and stem-cell methylomes confirms this dependency, as cell-type-specific LMRs are occupied by cell-type-specific 
transcription factors. This study provides methylome references for the mouse and shows that DNA-binding factors 
locally influence DNA methylation, enabling the identification of active regulatory regions. 


Methylation of cytosines in metazoan genomes adds epigenetic 
information onto DNA without changing the genetic information. It 
is thought to locally influence the regulatory potential of DNA, leading 
to changes in gene expression during development and disease’”. Highly 
parallel sequencing enables to determine DNA methylation genome- 
wide at base-pair and single-molecule resolution in unprecedented 
breadth and detail’*. Using whole-genome bisulphite sequencing 
(BisSeq), we generated such methylomes in mouse pluripotent embry- 
onic stem (ES) cells and in neuronal progenitors (NP) and focused our 
analysis on methylation patterns that require high resolution for their 
detection. Using an analytical approach that quantifies DNA methyla- 
tion locally, we identified a novel epigenome feature defined by localized 
reduced levels of methylation. These low-methylated regions (LMRs) 
show an average methylation of 30% and occur distal to promoters with 
little overlap with CpG islands. Contrasting LMRs with maps of histone 
modifications, DNase I hypersensitivity and several DNA-binding 
factors revealed that they are distal regulatory regions. Using the 
insulator protein CTCF and the transcriptional repressor REST as 
paradigms we show that DNA-binding factors are necessary and suf- 
ficient to create LMRs. LMRs form dynamically during differentiation 
driven by cell-type-specific factors, revealing a continuous crosstalk 
between DNA-binding factors and local DNA methylation. 


Features of the mouse methylome 


To obtain base-pair-resolution methylomes, we performed bisulphite 
conversion of DNA from mouse ES cells and corresponding NP 
derived through an established in vitro differentiation system*’. 
High-coverage lumina sequencing resulted in 77.3 billion mappable 
methylome bases. In parallel, we performed genomic sequencing to 
fully reconstruct the genotype together with available sequence data’. 
Our results show that cytosine methylation lies mostly in the context 
of CpG dinucleotides, and we observe non-CG methylation at levels 
that correspond to previous observations in human ES cells* (Sup- 
plementary Fig. 1). Similar to the human methylome, however, non- 
CG methylation is generally found in regions already containing CpG 
methylation, and because it appears as a rare event we focused our 


further analysis on CpG methylation. A global analysis yielded the 
anticipated DNA methylation pattern for mammalian cells**”°. CpG 
methylation is low at promoter regions, whereas genic and intergenic 
regions show high methylation levels (Supplementary Fig. 1). The 
methylation frequency of individual CpGs has a bimodal distribution: 
the majority of CpGs show a high percentage of methylation, whereas 
a smaller group of cytosines are unmethylated (Fig. 1a). 


Identification of low-methylated regions 


In addition to this expected binary behaviour of CpG methylation 
(either hypo- or hyper-methylated), we also noticed cytosines with 
intermediate, yet low levels of methylation in the range of 10-50% 
(Fig. la). More than 4% of all CpGs (almost 1 million in the mouse 
genome) show this characteristic. When plotting methylation along 
chromosomal regions, cytosines with such methylation are not 
randomly distributed but cluster locally (Fig. 1b). We thus developed 
a computational approach that segments methylomes into regions of 
differential methylation. The applied Hidden Markov Model (HMM) 
takes into account only DNA methylation and no genome informa- 
tion such as CpG density or functional annotations. This segmenta- 
tion identified three distinct classes: fully methylated regions (FMRs), 
unmethylated regions (UMRs) and low-methylated regions (LMRs) 
(Fig. la-c). It correctly identifies unmethylated CpG islands as 
UMRs**, whereas most of the genome is classified as FMR, consistent 
with the fact that the majority of CpGs are methylated. The segmenta- 
tion further identified LMRs at positions where local dips are visible in 
the raw data profiles, further supporting that these have distinct and 
identifiable methylation patterns (Fig. la-c). Importantly, LMRs are 
generally not CpG islands as they have lower CpG content, are shorter 
and they further reside distal to transcriptional start sites (TSS; 
Fig. 1c-f and Supplementary Fig. 1). 


LMRs are distal regulatory regions 

Interestingly, LMRs show evolutionary conservation (Fig. 2a), sug- 
gesting that they are of functional relevance. Further, they contain 
DNase-I-hypersensitive sites (DHS), a unique chromatin state that 
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Figure 1 | Features of the mouse ES cell methylome. a, Distribution of CpG 
methylation frequency for all CpGs with at least tenfold coverage. Of all 
cytosines, 4.1% show intermediate methylation levels. b, Representative 
genomic region. Computational segmentation identifies UMRs (blue 
pentagons), LMRs (red triangles) and FMRs (unmarked). Each dot represents 
one CpG (CpG islands marked in green). Included is an independently verified 
LMR upstream of Tbx3. Mbp, million base pairs. c, Composite profile of CpG 
methylation for all three groups. kb, kilobases. d, Distances to TSS. 

e, f, Distribution of all three classes among genome features. e, A small 
percentage of LMRs overlap with CpG islands. Numbers indicate observed 
percentage of overlaps per group (expected percentage in parentheses). 

f, Distribution of the regions throughout the genome. 


depends on DNA-binding factors’®"”. In fact, at least 80% of LMRs 
and 90% of UMRs overlap with DHS (Fig. 2 and Supplementary 
Fig. 2). LMRs are unlikely novel promoters as we find only weak signal 
for RNA polymerase II (Fig. 2 and Supplementary Fig. 3) and no RNA 
signal above what we observe at methylated regions even when using a 
strand-specific protocol that does not require polyadenylation (Sup- 
plementary Fig. 3). Next, we explored if LMRs could represent distal 
regulatory regions, such as enhancers. Indeed, LMRs are strongly 
enriched for chromatin features such as high H3K4 monomethylation 
(H3K4mel1) signal relative to H3K4 trimethylation (H3K4me3) and 
the presence of p300 histone acetyltransferase, which are predictive 
features of enhancers’ (Fig. 2). This indicates that a subset of LMRs 
are enhancers that, in light of the absence of H3K27me3 and the 
presence of H3K27ac, are presumably active’* (Fig. 2b). Transgenic 
assays further show that individual LMRs increase the activity of a 
linked promoter and experimentally function as enhancers (Sup- 
plementary Fig. 4). We thus conclude that many LMRs, identified 
solely by their DNA methylation pattern, represent active regulatory 
regions. 

To investigate LMR features further, we combined newly generated 
and published data sets for several DNA-binding factors and addi- 
tional histone modifications (Supplementary Table 1, Fig. 2b and 
Supplementary Figs 5 and 6). LMRs and UMRs are depleted for the 
heterochromatic histone modification H3K9me2 in agreement with 
the absence of this mark at active chromatin’. Most DNA-binding 
factors show enrichment not only at UMRs, which are mostly pro- 
moters, but also at LMRs. Factors enriched at LMRs in stem cells 
include pluripotency transcription factors such as Nanog, Oct4 and 
Kif4, but also structural DNA-binding factors such as the insulator 
protein CTCF’ and members of the cohesin complex (Fig. 2b and 
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Figure 2 | General features of LMRs. Composite profiles 3 kb around 
segment midpoints. a, Evolutionary conservation based on multi-species 
alignments (upper left). Enrichment of DNase I tags (lower left). Chromatin 
features that predict enhancer function are enriched at LMRs (middle and 
right). b, Heat map of methylation levels, histone modifications and protein 
binding (H3K4mel signal rescaled for visibility). 
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Supplementary Fig. 5), both of which bind promoters and distal 
regulatory regions'®. Notably, not all factors occupy distal and 
proximal regulatory regions with equal preferences. Smad1 binds to 
neither LMRs nor UMRs, whereas some bind primarily at UMRs, such 
as KDM2A and Zfx, and others such as Nanog and Esrrb show higher 
enrichment at LMRs (Fig. 2b and Supplementary Fig. 5). In summary, 
several lines of evidence including genomic position, conservation, 
chromatin state, regulatory activity and transcription factor occupancy 
support the hypothesis that LMRs are indeed active distal regulatory 
regions. 

Interestingly LMRs showastrong presence of 5-hydroxymethylcytosine 
(ShmC), consistent with recent reports of ShmC presence at enhancer 
regions’”"'’. One candidate protein responsible for catalysing 5hmC, 
Tet1 (refs 20, 21), is enriched at both UMRs and LMRs (Fig. 2b). 

To ask if LMRs are also present in other mammals we performed 
HMM segmentation of a human stem cell methylome’, which also 
identifies LMRs with similar features, indicating that these are a general 
characteristic of mammalian methylomes (Supplementary Fig. 7). 


Transcription factor binding creates LMRs 

To determine how LMRs are formed, we investigated the DNA-binding 
protein CTCF, which binds to regulatory regions including promoters, 
enhancers and insulators’. We determined the genome-wide binding 
of CTCF by chromatin immunoprecipitation followed by sequencing 
(ChIP-seq) (Supplementary Fig. 8), revealing high occupancy at both 
UMRs and LMRs (Fig. 2b and Supplementary Fig. 5). A composite view 
of DNA methylation shows an average methylation of 20% at CTCF 
binding sites with increasing methylation adjacent to it (Supplemen- 
tary Fig. 9), in line with a previous report in primates”. If reduced 
methylation is a general feature of CTCF-occupied sites, inclusion of 
DNA methylation data should improve prediction of CTCF binding. 
Indeed, a binding model for CTCF that, in addition to the DNA 
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sequence, takes the DNA methylation state into account significantly 
increases the accuracy of prediction, illustrating that methylomes can 
improve transcription factor binding prediction (Fig. 3a). This however 
does not answer whether reduced methylation requires CTCF binding, 
a question that we addressed by a transgenic approach. We inserted 
reporter constructs with or without a CTCF-binding motif into the 
same genomic locus in mouse ES cells by a recombinase-based targeting 
approach” and tested the effect of CTCF binding on DNA methylation 
(Fig. 3b and Supplementary Fig. 9). Constructs without a CTCF site or 
with a mutated site became methylated when inserted, whereas intro- 
duction of a functional site led to CTCF binding and to locally reduced 
methylation (Fig. 3b and Supplementary Fig. 9). Thus CTCF binding 
seems necessary and sufficient to create an LMR. This predicts that 
endogenous differences in CT'CF binding caused by single nucleotide 
polymorphisms (SNPs) should result in different methylation levels. 
Because the stem cells used in this study have a mixed genetic back- 
ground between the C57BL6 and 12985 strains, we were able to identify 
regions that are heterozygous for SNPs within CTCF binding sites. An 
analysis of allele-specific CTCF binding and methylation confirms that 
point mutations that reduce CTCF binding lead to increased methyla- 
tion at affected alleles (Fig. 3c and Supplementary Fig. 10). Together 
these experiments establish, for CTCF, that transcription factor binding 
is required for the formation of LMRs. To explore if CTCF binding can 
occur upstream of a change in DNA methylation, we inserted reporter 
constructs in an already methylated state generated in vitro before 
insertion. In the tested cases, the pre-existing methylation did not block 
CTCF binding and similarly resulted in reduced methylation (Fig. 3b 
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Figure 3 | DNA binding is necessary and sufficient for LMR formation. 

a, Including BisSeq data improves prediction of CTCF binding, measured as 
per cent of explained variance (100% = perfect prediction). b, Introduction ofa 
CTCF motif (black triangle) into an otherwise methylated reporter construct 
leads to local demethylation. Insertion of a mutated site has no effect. Pre- 
methylation of the CTCF-motif-containing construct does not inhibit 
demethylation. Bar graphs show average CTCF enrichment from three 
experiments (error bars, s.d.). c, Allele-specific CTCF binding and DNA 
methylation for three loci. Two contain a heterozygous SNP (top and middle) 
and one serves as control (bottom). ChIP-seq and DNA methylation were 
quantified in 100-bp and 400-bp windows, respectively. d, CTCF binding in 
cells with or without DNA methylation. CTCF binding is globally unchanged in 
cells without methylation (EStko), but increases by approximately twofold at 
sites located in the H19 ICR (orange dots). 
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and Supplementary Fig. 9). We conclude that CTCF can bind to a pre- 
methylated CpG-poor target site, which in turn leads to localized 
demethylation. If this reflects the general binding model for CTCF, then 
its genomic binding sites should not be confined by DNA methylation. 
Wetested this prediction by measuring CTCF binding in mouse ES cells 
that lack DNA methylation’®. In these cells, CTCF binding is indeed 
globally unaltered (Fig. 3d) with the exception of several paternally 
imprinted regions, such as the H19 ICR, where DNA methylation of 
selected CpG islands has previously been shown to block CTCF binding 
to one allele. At these CpG-rich regions we detect the expected twofold 
increase in CTCF binding in the absence of DNA methylation’””* 
(Fig. 3d and Supplementary Fig. 10). Together our results indicate that 
CTCF binding within CpG-poor regions is generally not affected by the 
methylation status of its binding site, but rather that binding itself 
initiates local demethylation. 

To ask whether the absence of a DNA-binding factor results in 
remethylation of endogenous LMRs, we analysed ES cells that lack 
the transcription factor REST. We chose REST ‘~ ES cells because 
they are viable and pluripotent”, whereas deleting CTCF is lethal*®. 
Indeed we observe increased DNA methylation in REST ‘~ ES cells at 
LMBRs that are occupied by REST in wild-type cells (Fig. 4 and Sup- 
plementary Fig. 11). Importantly, reintroduction of REST into 
REST ‘~ cells leads to reformation of REST-dependent LMRs (Fig. 4 
and Supplementary Fig. 11). Thus, also in the case of REST, DNA 
binding can occur in methylated CpG-poor regions, which in turn 
causes demethylation. These functional tests support a model where 
transcription factor binding is both sufficient and necessary for LMR 
creation. Although it remains to be tested whether the same hierarchy 
applies to other factors, this model predicts that LMRs should, at least 
in part, change during differentiation as a function of cell-type-specific 
DNA-binding factors. 


Cell-type specificity of LMRs 

To test this, we analysed the methylome of NP that were differentiated 
from ES cells*”*?'. Similar to ES cells, the majority of the genome is 
methylated in NP whereas CpG islands remain mostly unmethylated 
(Supplementary Figs 12 and 13). Notably we do not observe partially 
methylated domains as described previously for human fibroblasts? in 
ES cells nor NP. Segmentation of the NP methylome identifies LMRs 
with similar properties as those in ES cells (Fig. 5a and Supplementary 
Fig. 12). Chromosomal profiles of selected regions illustrate dynamic 
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Figure 4 | REST is required for LMR formation at its binding sites. 
Bisulphite profile of a genomic region containing a REST binding site 
coinciding with an LMR. This LMR regains methylation in the absence of REST 
(REST ‘~ ES cells), whereas reintroduction of REST re-establishes it. 
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Figure 5 | Methylation dynamics during differentiation. a, Methylation of 
individual CpGs at an NP-specific LMR in a gene important for neuronal 
differentiation (Slc1a3). b, Comparison of DNA methylation in ES cells and NP 
of all CG-low regions (density increases from blue to red). LMRs were grouped 
into ES-cell-specific LMRs (box 1), constitutive LMRs (box 2) and NP-specific 
LMRs (box 3) and analysed for enriched DNA-binding motifs (indicated on the 
right). c, Methylation versus expression changes for KIf4 and Pax6. KIf4 
binding sites in ES cells gain methylation in NP, whereas Pax6 binding sites lose 
methylation (top 200 sites; P< 2.2 X 10 '° for KIf4; P= 7.4 X 10 ’ for Pax6; 
error bars, s.e.m.). Changes in methylation at binding sites are anti-correlated to 
expression changes of the respective factors (right graph). 


local changes between ES cells and NP. In particular, new LMRs are 
formed adjacent to genes important for neuronal development 
(Fig. 5a and Supplementary Fig. 13). To quantify these changes, we 
grouped LMRs as conserved (n = 8,748), ES-cell-specific (n = 22,184) 
or NP-specific (n = 3,773) (Fig. 5b), which showed that only a minor 
fraction of LMRs occur in both cell states. UMRs on the other hand 
are mostly stable, in particular UMRs that are CpG-rich (Supplemen- 
tary Fig. 12), in line with our previous study using low-resolution 
MeDIP-chip’. Dynamics of LMRs closely follow the dynamics of 
H3K4mel, a mark that is predictive for active enhancers and is 
strongly enriched at LMRs (Fig. 2b and Supplementary Fig. 14). 

To ask how LMR dynamics are linked to gene regulation, we 
calculated expression changes for genes neighbouring dynamic and 
constitutive LMRs. This showed that LMR formation significantly cor- 
relates with increased expression of the nearest gene, whereas remethy- 
lation of LMRs coincides with reduced expression (P = 2.3 X 10° '””, 
Supplementary Fig. 14). If LMR formation is indeed a function of 
DNA-binding factors, cell-type-specific LMRs should be enriched for 
DNA motifs of cell-type-specific DNA-binding proteins. Analysis of 
motif abundance in constitutive LMRs reveals over-representation of 
binding sites for factors present in both cell types, such as CTCF or 
REST (P< 2.2 X 10 '°, Fig. 5b and Supplementary Fig. 15). In ES-cell- 
specific LMRs however, binding sites for factors related to pluripotency, 
such as Klf4 (ref. 32) and GABPa (ref. 33), are overrepresented 
(P<2.2X10 '°, Fig. 5b and Supplementary Fig. 15). Similarly, 
LMRs that are NP-specific are enriched for motifs of several neuronal 
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transcription factors, most notably Sox17 (ref. 34) and Pax6 (ref. 5) 
(P<2.2 X 10“, Fig. 5b and Supplementary Fig. 15). Next we com- 
pared the actual binding of the stem-cell-specific factor K1f4, for which 
binding sites were previously mapped in ES cells** and the NP-specific 
factor Pax6, for which we mapped binding sites by ChIP-chip in NP. In 
both cases, measured binding sites are less methylated in the cell type 
where the protein is present (P<2.2X10 '°, Fig. 5c and Sup- 
plementary Fig. 16). This finding fully agrees with our observation in 
REST '~ cells (Fig. 4) and further links actual factor occupancy to 
LMR dynamics. To test the general utility of methylome profiles in 
reconstructing transcription factor activity, we generated a linear 
model that takes methylome data and sequence-predicted transcrip- 
tion factor binding sites as input and predicts individual contributions 
of the respective transcription factors for actual measured methyla- 
tion differences as output. By using only the limited set of 126 DNA 
binding matrices from the core Jaspar database*®, this model explains 
almost 20% of the variation in observed methylation differences as a 
function of binding sites that occur within LMRs. Notably, the pre- 
dicted activities of individual factors are in agreement with their actual 
expression changes (Supplementary Fig. 15). We thus conclude that 
methylation changes at CpG-poor regulatory regions are frequent 
during cellular differentiation and linked to expression changes of 
the nearest genes. Because these LMR dynamics are driven by tran- 
scription factor binding, methylomes can help to reconstruct distal 
regulation in a cell-type-specific fashion. 


Discussion 


This study provides base-pair resolution methylomes of the mouse 
as an important model organism. This resource was generated for 
pluripotent ES cells and for derived NP as a differentiated cell type. 
By implementation of an unsupervised segmentation approach that 
only considers DNA methylation, we identified LMRs as localized 
regions with reduced methylation. Importantly these regions do not 
resemble CpG islands, which are a different class of well-described 
hypomethylated regions in the genome” and that we identify as 
UMRs. LMRs are further flanked by fully methylated regions and are 
thus distinct from partial and dynamic methylation reported for the 
borders of CpG islands***’. LMRs localize within CpG-poor regions 
and show a residual level of methylation. 

We identify LMRs as a discrete class of regulatory regions that are 
distal to promoters, which shows that reduced methylation at regu- 
latory regions is a general phenomenon that extends beyond CpG 
islands. This is in agreement with several single-gene studies of 
methylation dynamics at localized distal regulatory regions**°. 
Our results are further compatible with the observation of CpG-poor 
regions with low methylation levels in Rhesus ES cells” and recent 
reports of reduced methylation outside of CpG islands****. 

We provide several lines of evidence that LMRs are a methylome 
feature that identifies distal regulatory regions: they are evolutionary 
conserved, are DNase I hypersensitive, show chromatin marks of 
enhancers, enhance expression ofa linked promoter and are occupied 
by transcription factors. Importantly, we show that the human 
methylome has very similar LMR characteristics, suggesting that 
LMRs are generally present in mammalian epigenomes. Our data 
strongly suggest that LMRs result from transcription factor binding: 
(1) LMRs are highly dynamic during differentiation, as a subset is lost 
while new sites form. These dynamics can be explained directly by 
differential presence and activity of DNA-binding factors, highlight- 
ing that DNA methylation is more variable at LMRs than, for 
example, at CpG islands; (2) we provide evidence for REST and 
CTCF that LMR presence requires transcription factor binding; and 
(3) for both factors we show that binding within CpG-poor regions 
occurs before demethylation and LMR formation. 

Our finding that the methylome is highly dynamic outside of CpG 
islands as a function of DNA-binding factors provides a framework 
to explain local methylation changes, many of which have been 
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correlated to changes in expression of neighbouring genes. While it 
remains to be determined for more factors if demethylation occurs 
before or after factor binding, we do show that binding of CTCF can 
occur on a CpG-poor but methylated transgenic template and that 
REST, when reintroduced into a REST /~ background, leads to 
binding at methylated regions and coinciding demethylation. It is 
conceivable that factors such as CTCF and REST, both of which bind 
to a large binding motif with high specificity, mediate demethylation, 
which in turn enables binding of additional DNA- or chromatin- 
binding factors that are sensitive to DNA methylation. Regardless, 
our functional tests show that methylation changes can occur down- 
stream of binding and thus can reflect ongoing activity of DNA- 
binding factors rather than regulating their binding. 

The identified dynamics of DNA methylation provide an unexpected 
rich source of information. Indeed, we show that DNA modification 
knowledge alone allows for more precise identification of transcrip- 
tion factor binding sites and the unbiased discovery of active distal 
regulatory regions. This is not only relevant for our understanding of 
epigenome formation and function but has direct practical applica- 
tions. Current methods to identify enhancers by ChIP’* or DNase I 
hypersensitivity” rely on sufficient quantity of fresh cell material, 
which can be limited or unavailable in primary samples. In contrast, 
methylome analysis does not require intact cells but only DNA in 
comparably small amounts. Furthermore, DNA methylation is 
chemically stable and can be analysed from any DNA material suitable 
for sequencing. Partly for that reason, BisSeq methylomes will be 
generated for primary samples within international cancer genome 
and human epigenome efforts***. Our results add an additional 
dimension to such data sets and suggest that they can be exploited to 
reconstruct transcriptional regulation and to identify cell type and 
origin. 

Our findings reveal that the mouse methylome is more dynamic 
during cellular differentiation than anticipated. These highly localized 
changes are linked to gene regulation with transcription factor bind- 
ing likely to be the key responsible activity. Although further experi- 
ments are needed to address how both processes are linked, we note 
that the enrichment of TET1 and 5-hydroxymethylation at LMRs is 
compatible with a model in which the observed methylation dynamics 
could entail an active process. 


METHODS SUMMARY 


Biological materials and sequencing libraries. ES cells were cultured and differ- 
entiated as described*’. ChIP-seq libraries were prepared according to Illumina’s 
instructions (Catalogue number IP-102-1001). Pax6 ChIP samples were amp- 
lified using a WGA2 kit (Sigma) and hybridized to a custom tiling microarray’ 
(Roche-NimbleGen). RNA-Seq libraries were generated according to Iumina’s 
instructions using oligo-dT primers. RNA for strand-specific RNA-Seq was 
depleted from ribosomal RNA (rRNA) using Ribo-Zero rRNA removal kit 
(Epicentre) and libraries generated following the Illumina pre-release version 
of the Directional mRNA-Seg Library Preparation Guide. BisSeq library genera- 
tion was adapted from Illumina Genomic DNA Sample Preparation Guide by 
ligating methylated adapters to fragmented genomic DNA followed by gel puri- 
fication, sodium bisulphite conversion and seven cycles of PCR amplification. 
Libraries were sequenced using Illumina GA II and Illumina HiSeq 2000. 

Read filtering, alignment, weighting and quantification of methylation levels. 
ChIP-seq and RNA-Seq: low-complexity reads were filtered out on the basis of 
dinucleotide entropy. Genome alignments were performed using bowtie”. 
BisSeq: All C nucleotides in reads from bisulphite-converted samples were con- 
verted in silico to T nucleotides and then aligned to a similarly converted genome 
separately to each strand using bowtie*’. Per cent methylation was calculated for 
individual Cs as the ratio of the number of alignments with C (methylated), over 
the number of alignments with either C or T. Segmentation was performed using 
the R package RHmm with a three-state HMM corresponding to fully methy- 
lated, low-methylated and unmethylated CpGs. Segment coordinates in ES cells 
and NP are listed in Supplementary Tables 2 and 3. Heterozygous regions for 
allele-specific analyses were identified using a three-state HMM (C57BL/6], 
12985 or heterozygous) on allelic ratios at known SNPs with high sequence 
coverage (Supplementary Table 4). 
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A compact system of small planets around a former 


red-giant star 


S. Charpinet>?, G. Fontaine’, P. Brassard’, E. M. Green’, V. Van Grootel®®, S. K. Randall’, R. Silvotti®, A. S. Baran®”!?, 


R. H. @stensen"', S. D. Kawaler’® & J. H. Telting'” 


Planets that orbit their parent star at less than about one 
astronomical unit (1 AU is the Earth-Sun distance) are expected 
to be engulfed when the star becomes a red giant’. Previous obser- 
vations have revealed the existence of post-red-giant host stars with 
giant planets” * orbiting as close as 0.116 AU or with brown dwarf 
companions”* in tight orbits, showing that these bodies can survive 
engulfment. What has remained unclear is whether planets can be 
dragged deeper into the red-giant envelope without being disrupted 
and whether the evolution of the parent star itself could be 
affected’ °. Here we report the presence of two nearly Earth-sized 
bodies orbiting the post-red-giant, hot B subdwarf star KIC 
05807616 at distances of 0.0060 and 0.0076 AU, with orbital periods 
of 5.7625 and 8.2293 hours, respectively. These bodies probably 
survived deep immersion in the former red-giant envelope. They 
may be the dense cores of evaporated giant planets that were trans- 
ported closer to the star during the engulfment and triggered the 
mass loss necessary for the formation of the hot B subdwarf, which 
might also explain how some stars of this type did not form in 
binary systems. 

KIC 05807616 (also known as KPD 1943+4058) is a seemingly 
isolated pulsating hot B subdwarf (sdB) star that has been monitored 
by the Kepler satellite primarily for the study of its oscillations'®. It is 
at an evolved stage of thermonuclear fusion of helium in its core, and 
belongs to the so-called extreme horizontal branch. This star shows a 
rich pulsation spectrum mostly composed of gravity (g-)modes'*™. Its 
main structural parameters are well determined through asteroseismic 
means based on one month of Kepler exploratory data (Table 1)’°. We 
focus here on additional Kepler time-series photometry obtained for 
this star after the exploratory phase. 

The analysis of these data revealed many frequencies, most being 
associated with stellar oscillations (Fig. 1 and Supplementary Informa- 
tion section Al). However, we also found two very weak periodic 
modulations in the low-frequency range whose nature is most 
intriguing. The timescales involved for these variations are 
5.7625 + 0.0001 h (F;, with an amplitude of 52 + 6 parts per million, 
p.p.m.) and 8.2293 + 0.0003 h (F,, with an amplitude of ~47 p.p.m.; 
see Supplementary Information sections A2 and E). The phase 
folded curves show that these variations repeat at a coherent phase 
throughout the entire light curve (Fig. 1b and c). We determined that 
contamination from a nearby star, stellar pulsations, or rotational 
modulations (for example, through surface spots) cannot account 
for these variations, leaving orbital modulations as the most plausible 
interpretation (Fig. 1 and Supplementary Information sections B and 
C). Compact binary systems with an sdB star as the primary and 
having comparable orbital periods are indeed not atypical. However, 
in the present case, the very subtle modulations and the suggested 
presence of more than one companion raise the question of the 


eventual substellar nature of these objects. In this context, the period 
ratio F,/F, ~ 1.43, which is close to a 3:2 resonance, is also intriguing. 

We explored this possibility by evaluating the properties (in par- 
ticular the radius) that these objects would need to have in order to 
produce the observed variations in the light curve. There are two main 
sources of modulation involving small bodies. The first is reflection by 


Table 1 | Derived parameters of KIC 05807616 and its two planet 
candidates 


Stellar parameter!® KIC 05807616 
Effective temperature, Terr (K) 27,730 +270 
Surface gravity, log[g (c.g.s.)] 5.52 + 0:03 
ass, Ms (Mo) 0.496 + 0.002 
Radius, R« (Re) 0.203 + 0.007 
ean density, p» (gcm 3) 84.1429 
Age after red-giant stage, A (Myr) 18.4+1.0 
Bolometric luminosity, L (Lo) 229 23,1 
Apparent Johnson V-band magnitude, V 14.87 + 0.02 
Distance from Earth, d (pc) 1,180 +95 
Planetary parameter Planet candidate 1 Planet candidate 2 


KOI 55.01 KOI! 55.02 
Assumed Bond albedo*, a; 0.10 0.10 
Assumed temperature contrast, fj 0.2 0.2 
Assumed inclination anglet, i (degrees) 65 65 
Assumed mean density8, p; (g cm 3) 5.515 5.515 
Orbital period, P; (h) 5.7625+0.0001 8.2293 + 0.0003 
odulation amplitude, Aj (p.p.m.) 52=6 ~47 
Orbit radius|l, a; 8.9698 x 10!°cm 1.13749 x 10!2cm 
1.290R5 1.636Ro5 
0.0060 au 0.0076 au 
Roche limit", de 0.0029 au 
ean temperature: day side#, T; (K) 9,115 8,094 
ean temperature: night side#, 1,823 1,619 
T,(dark) (K) 
Planet radiusy, Rj (Re) 0.759 0.867 
Planet mass**, m; (Ma) 0.440 0.655 
Host star projected radial velocity+t, 0.65 0.86 


vj(ms~*) 


Values shown assume the most probable configuration for this system. A third body (KO! 55.03) may be 
resent between the two well secured detections (Fig. 1). If confirmed with more observations and using 
the same assumptions, its distance from the star would be 0.0065 ay, its radius 0.605Rg, its mass 
0.222M,, and its estimated temperature on the day (dark) side 8,735 K (1,747 K). Subscript © 
icates Earth value. 
* We use a low albedo value representative of hot Jupiters. This value is also close to Mercury’s albedo. 
B = T\(dark)/T; is a parametrization of the thermal imbalance on the planet surface. On Mercury, 
B~0.2. 
{This inclination angle is suggested by the amplitude distribution of pulsation modes split by rotation. 
§ Considering the derived radii, we assume rocky worlds with the Earth’s density as a representative 
value. 
|Obtained from Kepler's third law (equation (D15), Supplementary information section D). 
Distance from the star below which tidal disruption occurs (assuming a rigid body), dp = Rs(2p+/p; 
#Obtained assuming radiative equilibrium (equation (D5), Supplementary Information section D). 
Derived from equation (D14) in Supplementary Information section D. 

** Derived from equation (D16) in Supplementary Information section D. 

+ Derived from equation (D17) in Supplementary Information section D. 
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Figure 1 | Brightness variations detected in KIC 05807616. a, Amplitude 
spectrum of the light modulation; b, c, phase curves for the two planet 
candidates, KOI 55.01 (b) and KOI 55.02 (c). The combined Q2 + Q5-Q8 
Kepler data (Qx refers to a 3-month observation quarter; see Supplementary 
information section Al) have been used (that is, 14 months of monitoring 
spanning 21 months in total). In a, numerous peaks rising up to ~0.15% of the 
mean brightness of the star are due to g-mode pulsations (Supplementary 
Information section Al). Two weak variations indicated by vertical lines in the 
low frequency domain (shown with an amplitude expansion factor of 5) are also 
present, well disconnected from the g-modes. The frequency F; at 

48.204 + 0.001 Hz (5.7625 + 0.0001 h) has a stable amplitude (52 + 6 p.p.m.) 
and phase throughout the period of monitoring. F, at 33.755 + 0.001 wHz 
(8.2293 + 0.0003 h) is the dominant component of a more complex structure 
possibly caused by a frequency modulation (Supplementary Information 
sections Al and E). After evaluating alternative interpretations (Supplementary 
Information sections B and C), we find that these structures are most likely to be 
the signatures of two bodies of substellar nature closely orbiting the star. We 
note that an even weaker signal between F, and F, (F;, ~29 p.p.m. at 
42.4299 Hz or 6.5467 h) could indicate the presence of a third body (KOI 
55.03). In the following, we however concentrate on the two well secured 
detections. Panels b and c illustrate the light curve phase folded (in 10 phase 
bins) on the orbital period of KOI 55.01 (F,) and KOI 55.02 (F,), respectively 
(error bars, s.e.m.). These curves are obtained after ‘prewhitening’ the 
dominant g-mode pulsations. A small brightness excess occurring at phase zero 
in b is suggested. It may be typical of an opposition surge, but it is only a 1.90 
detection and more Kepler data will be needed to clearly establish its existence. 


the surface of each planet of the light emitted by the star; such 
reflection would be modulated by the orbital motions, as we see the 
planets in different phases of illumination. The second source is a 
possible thermal imbalance between the heated day-side and cooler 
night-side hemisphere of each planet. Assuming the rotation of each 
planet is tidally synchronized to its orbital motion (a very likely situ- 
ation for a compact system like KIC 05807616), we would see a thermal 
emission that was modulated along their orbits’®. Both effects depend 
on unknown properties of the orbiting bodies. These are the amount of 
light reflected and absorbed at their surface (characterized by the Bond 
albedo, «) and how the absorbed heat is redistributed before being re- 
emitted. For this latter effect, we adopted a simple approach involving 


LETTER 


average temperatures on the day and night sides, assuming radiative 
equilibrium and black-body re-emission. Heat redistribution is then 
characterized by a parameter, f, being the ratio of the mean temper- 
ature in the dark hemisphere to the mean temperature in the heated 
hemisphere. The magnitude of these variations also depends on the 
inclination angle of the system relative to the observer. 

We calculated the planets’ properties as functions of the parameters 
mentioned above and explored all plausible situations (Supplementary 
Information section D). Our findings from this thorough analysis are 
as follows: (1) in all configurations except for very small inclination 
angles (i< 20°), the derived radii for the orbiting objects are in the 
planetary range. (2) If efficient heat redistribution occurs (f > 0.90), 
the objects would be in the giant planet range of sizes, similar to 
Neptune or Jupiter in size. However, in most situations (when 
/ <0.80), the day/night temperature contrast effect dominates, and 
nearly Earth-sized planets are predicted. As this system is extremely 
compact and orbits a very hot star, the temperature contrast between 
the two hemispheres should be large, and therefore the value of f small, 
and the small-planet solution is preferred. (3) The assumed albedo has 
a limited influence on the above results and does not qualitatively 
change the conclusions. A low albedo, x ~ 0.10, is generally observed 
for hot gaseous planets'”’’ and Mercury, in our Solar System, has a 
comparable albedo (but, admittedly, it may not be representative of the 
hottest telluric worlds). The last unknown is the inclination angle of 
the system, and its effect is illustrated in Fig. 2. At very small inclina- 
tions (i < 3°), the derived radius could still be in the giant-planet range. 
However, the pulsations detected in KIC 05807616 provide valuable 
indications that small angles (i< 20°) are improbable, suggesting 
instead that i ~ 65°. This additional constraint relies on the reasonable 
assumption that the orbits of the planets are most probably coplanar 
with the star’s equatorial plane (see Supplementary Information sections 
A3 and A4). 

On the basis of these considerations, we have derived the parameters 
for the two planet candidates, named KOI 55.01 and KOI 55.02, from the 
most probable configuration for this system (Table 1). These parameters 
suggest that the two planets are smaller than Earth, which would make 
them the smallest planets so far found around a star still undergoing 
nuclear fusion. Considering their sizes and orbital parameters, their 
nature is most probably telluric. This conclusion may be further sup- 
ported by a possible brightness excess (but only a 1.9¢ detection at this 
stage) at phase zero in the phase curve of KOI-55.01 (Fig. 1). This excess, 
if real, could be associated with an opposition surge, a phenomenon 
observed with solid bodies having a tenuous (or no) atmosphere”. The 
two planet candidates are also remarkable for the very high temperatures 
expected at their surfaces, indicating that they must be undergoing 
significant evaporation. However, these atypical properties, compared 
with those of known planets orbiting main-sequence stars, should not be 
surprising, considering the nature of the parent star. Planets in extreme 
environments have been reported previously”’. 

Our two planets were most probably swallowed by their parent star 
when it became a red giant, a stage that ended only ~18 million years 
ago’*. They were probably orbiting further away and may have been 
dragged deep into the red-giant envelope to their current positions”. 
The fact that they are of equivalent size with orbits close to a 3:2 
resonance may be an important factor explaining their survival. 
Indeed, preliminary N-body calculations (not shown) suggest that this 
system is dynamically stable, as long as the planet masses remain lower 
than several Earth masses; the system may also be stable when a third 
small planet is present between KOI 55.01 and KOI 55.02. This is 
consistent with our finding that small bodies should be involved. 

This discovery suggests that planets may influence stellar evolution’. 
The increased envelope mass ejection required to form sdB stars from 
red giants is expected to occur in close interacting binaries, where the 
companion can transfer some of its orbital momentum to the expanded 
red-giant envelope, speeding up its rotation and thus triggering its 
enhanced dissipation*’. However, this does not explain how about half 
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Figure 2 | The calculated properties of the first planet candidate (KOI 
55.01) depend on the inclination of the system. Shown are the inclination 
dependence of the estimated radius (a; in Earth radii, Rq), the estimated mass 
(b; in Earth masses, Mg) and the host star projected radial velocity modulation 
(c; V, inms ') as functions of the inclination. We assume representative 
values for the Bond albedo (~ = 0.10) and the average temperature contrast 
between the night and day sides (f = 0.2; that is, approximately the contrast 
observed on Mercury). The /-parameter strongly depends on the efficiency of 
heat redistribution on the planet’s surface and, consequently, on the presence or 
absence of an atmosphere. A hot Jupiter with efficient heat redistribution has 
indeed been found: HD189333b, which, unlike Mercury, has a measured f of 
0.8 (ref. 16). However, the precise value of } has a limited impact, as long as 
6 <0.8 (Supplementary Information section D). The red filled regions (and 
dashed portions of the curves) shows excluded domains due to the absence of 
eclipses (at large inclinations), due to our current upper limit on projected 
radial velocity modulations (2.4kms ' at 2¢ ; Supplementary Information 
section C5), and due to asteroseismic indications rejecting an inclination angle 


of the sdB stars that, like KIC 05807616, appear to be single or in well 
detached binaries”, could be produced. In the present case, the planets 
may have contributed to the dissipation of the envelope to the point of 
making KIC 05807616 become an extreme horizontal branch star 
instead of a normal horizontal branch star with a thicker residual 
envelope”. A plausible scenario would be that these bodies were 
originally giant planets immersed in the red-giant envelope and mas- 
sive enough to survive engulfment and trigger the enhanced mass loss 
necessary for the formation of a hot B subdwarf star*®. During that 
episode, the planets may have been stripped down, losing their gaseous 
layers and being left only with their inner rocky/iron cores, which 
would be exposed. The small detected bodies would then be these cores, 
also named Chthonian planets”, which are dense enough to lie beyond 
their Roche limit (see Table 1), thus avoiding disruption by the strong 
tides generated by the parent star. 

Alternative scenarios may also be considered. Another way to form 
single sdB stars is through the merger of two helium white dwarfs”, 
and planet formation following this event may be possible**. We could 
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lower than ~20°, instead suggesting that i~ 65° + 10°. This last constraint is 
indicated by the light-blue vertical lines that show the expected angle (65”, solid 
line) with its approximate 1o (dashed lines) and 20 (dotted lines) ranges 
(Supplementary Information section A4). The radii and masses of Jupiter, 
Saturn, Neptune, Corot-7b” and Kepler-10b*®, are indicated for comparison 
purposes (dark-blue dotted horizontal lines). We also indicate the limit of 1.5R; 
(R;; Jupiter’s radius; the red dotted horizontal line in a). Four different curves 
are shown for the mass and projected radial velocity estimations which sample 
the typical range of density, p;, where extrasolar planets are usually found. The 
values p; = 5.51 gem * and p; = 1.33 gcm * correspond to the mean density 
of Earth and Jupiter, respectively. With all these considerations, the most likely 
solution for the planetary parameters clearly points towards planets slightly 
smaller than our Earth, and therefore most probably of a solid nature (hence 
with a high mean density; see Table 1). A dynamical confirmation through a 
measurement of the projected radial velocity of the host star remains difficult at 
this stage for this relatively faint (V = 14.87 mag) star, but may be possible with 
the next generation instrumentation. 


speculate that the collapse of the extended envelope resulting from this 
merger could produce a circumstellar disk, where second generation 
planets may form. However, it seems unlikely that new, sufficiently 
dense, planets could have formed within a rather short period of time 
(less than ~18 Myr) in an environment that close to this hot star. 
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Orbital excitation blockade and algorithmic cooling 


in quantum gases 


Waseem S. Bakr', Philipp M. Preiss!, M. Eric Tai!, Ruichao Mal, Jonathan Simon! & Markus Greiner! 


Interaction blockade occurs when strong interactions in a con- 
fined, few-body system prevent a particle from occupying an other- 
wise accessible quantum state. Blockade phenomena reveal the 
underlying granular nature of quantum systems and allow for 
the detection and manipulation of the constituent particles, be they 
electrons’, spins’, atoms*° or photons®. Applications include 
single-electron transistors based on electronic Coulomb blockade’ 
and quantum logic gates in Rydberg atoms*’. Here we report a form 
of interaction blockade that occurs when transferring ultracold 
atoms between orbitals in an optical lattice. We call this orbital 
excitation blockade (OEB). In this system, atoms at the same lattice 
site undergo coherent collisions described by a contact interaction 
whose strength depends strongly on the orbital wavefunctions of the 
atoms. We induce coherent orbital excitations by modulating the 
lattice depth, and observe staircase-like excitation behaviour as we 
cross the interaction-split resonances by tuning the modulation 
frequency. As an application of OEB, we demonstrate algorithmic 
cooling’®"' of quantum gases: a sequence of reversible OEB-based 
quantum operations isolates the entropy in one part of the system 
and then an irreversible step removes the entropy from the gas. This 
technique may make it possible to cool quantum gases to have the 
ultralow entropies required for quantum simulation’””’ of strongly 
correlated electron systems. In addition, the close analogy between 
OEB and dipole blockade in Rydberg atoms provides a plan for 
the implementation of two-quantum-bit gates’* in a quantum 
computing architecture with natural scalability. 

An ultracold gas of bosonic atoms in the ground band of an optical 
lattice is described by the Bose-Hubbard model", in which atoms can 
tunnel between neighbouring sites and interact through an onsite 
repulsive contact interaction. In a deep lattice where the interactions 
dominate, the ground state of the system is a Mott insulator with a 
fixed atom number per site that is locally constant over a region of the 
insulator'’. The energy per site in the absence of tunnelling is 
Upgn(n—1)/2, where Ugg is the interaction energy for two atoms in 
the ground (lowest-energy) lattice orbital state and n is the number of 
atoms at the site. The Mott state shows a transport blockade phenom- 
enon in which the presence of an atom at a site energetically prevents 
tunnelling of a neighbouring atom to that site even in the presence of a 
small bias between the sites. The transport is blocked unless the bias 
makes up for the interaction cost, making it possible, for example, to 
count atoms tunnelling across double wells in a superlattice’. In this 
work, we explore an excitation blockade phenomenon that does not 
involve transport in the lattice. The excitation transfers localized atoms 
between different orbitals at the same site through modulation of 
the lattice depth at a frequency close to a vibrational resonance. 
Physics in higher-energy orbitals of the optical lattice has been the 
focus of much recent experimental work, including the study of 
dynamics in higher orbitals'’, multi-orbital corrections to the inter- 
action energy’® and unconventional forms of superfluidity involving 
higher-energy orbitals’””°. 

The OEB mechanism can be understood in the simplest situation 
for two atoms in a single site of a deep, three-dimensional lattice in 


which the vibrational frequencies in all three directions are taken to be 
different to avoid degeneracies. The lattice depth along the z direction is 
modulated weakly, which in the presence of anharmonicity of the lattice 
potential drives atoms between the ground orbital and a single, specific 
excited z orbital, subject to a selection rule that allows coupling only to 
orbitals of the same symmetry. For a single atom, excitation to the mth 
orbital requires modulation at a frequency ©, 9-.,,, which, ignoring the 
anharmonicity of the onsite potential, is approximately maz... If 
there is more than one atom at a site, the interaction introduces an 
orbital-dependent shift of the energy levels (Fig. 1). In general, the 
interaction shifts Ugg, Uge and Uee (where the subscripts ‘g’ and ‘e’ denote 
atoms in the ground and excited orbitals, respectively) are all different 
and the differences are a significant fraction of Ugg. If the coupling 
strength due to the modulation is small relative to these differences 
and the modulation frequency is tuned to @zom + (Uge — Ugg)/h, 
where /i denotes Planck’s constant (h) divided by 27, only a single atom 
is transferred to the higher orbital and the transfer of a second atom is 
off resonance. In this sense, the first excitation blocks the creation of a 
second excitation. 

The experimental system has been described in previous work*". A two- 
dimensional Bose-Einstein condensate of *’Rb atoms resides in a single 
plane of a one-dimensional optical lattice, henceforth referred to as the 
axial lattice, with a vibrational frequency of @,9 .; = 2m X 5.90(2) kHz, 
where the number in parentheses denotes s.e.m. The z axis is perpen- 
dicular to the plane and points in the direction of gravity. In addition, 
we introduce a lattice in the plane with a spacing of a = 680 nm and a 
depth of 45E, (trap frequency, 17 kHz), where E, = h?/8mppa’ is the 


0 = Ugg + Ugg- 2U ge 


ho 


2,0m 


er —_ Ugo 
fio, 9. 
a [Ys - 


Figure 1 | Orbital excitation blockade mechanism in an optical lattice. A 
single atom at a site is excited to a higher-energy orbital by resonantly 
modulating the lattice depth. For two atoms at the same site, interactions lead to 
an orbital-dependent energy shift. Modulation at the appropriate frequency 
excites one of the atoms to the higher orbital but is off resonance for exciting the 
second, differing from resonance by a blockade energy 6. 
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recoil energy of the effective lattice wavelength with mp, the mass of 
*Rb. The resulting Mott insulator is at the focus of a high-resolution 
microscope capable of detecting atoms at individual lattice sites by 
fluorescence imaging. Light-assisted collisions that eject pairs of atoms 
from each lattice site at the start of the imaging process reduce the 
occupation of a site to its odd-even parity”. 

We start by demonstrating coherent driving of atoms in a Mott 
insulator between two orbitals. In the presence of a harmonic trap, 
the atoms in a two-dimensional Mott insulator are arranged in con- 
centric rings of fixed atom number per site, known as shells, with the 
greatest occupation at the centre*’. We prepare a Mott insulator with 
two shells and modulate the axial lattice depth by +1.1(1)% at a 
frequency chosen to transfer atoms from the ground orbital to the 
second excited orbital. A modulation frequency corresponding to 
exactly @ 2 is resonant for atoms in the outer shell with one atom 
per site (n = 1). Excitation to the fourth excited orbital is suppressed 
because ofan energy shift of h < 1,200(80) Hz due to the anharmonicity 
of the onsite potential. Rabi oscillations between the ground orbital, |g), 
and an excited orbital, le), are detected by lowering the axial lattice 
depth at the end of the modulation such that the excited orbital state 
becomes unbound and any population in it escapes along the z axis 
owing to gravity. The Rabi oscillations in that shell (Fig. 2b) have a 
frequency Q = 2n X 23.3(2) Hz. 

The OEB is demonstrated in the inner n = 2 shell by modulating at a 
frequency of «9.2 + (Uge — Ugg)/h. For our parameters, Ugg, Use and 
U.e are h X 480(30), h X 360(20) and h X 310(20) Hz, respectively. 
The Rabi oscillations between |g, g) (the state in which both atoms 
are in the ground orbital) and (|e,g) + |g,e)) / V2 (Fig. 2c) are detected 
as an oscillation in the parity between even and odd after ejecting the 
atom in the excited orbital. For the same modulation amplitude as 
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Figure 2 | Time-, frequency- and site-resolved coherent transfer of atoms 
between orbitals in a Mott insulator. a, Excitations transferring a single atom 
in the n = 1 (orange) or m = 2 shell (blue) from the ground orbital to the second 
excited orbital are spectroscopically resolved in a two-shell Mott insulator. poaa, 
probability of odd occupancy at a site. b, c, Rabi oscillations between the two 
orbitals are observed by driving at the resonant frequencies for atoms in the 
n= 1 (b) and n= 2 (c) shells of a Mott insulator. Bose enhancement leads to 
faster oscillations in the n = 2 shell. When the atom number is reduced to one 
atom per site in the region previously containing two atoms, the interaction 
shift suppresses oscillations (black). Error bars, 1 s.e.m. The plots on the right 
are site-resolved snapshots of the Mott insulator at different points in the Rabi 
cycles (i-iii). 
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before, the oscillations are expected to occur J2 times faster than the 
resonant oscillation in the 1 = 1 shell, owing to Bose enhancement”. 
We indeed observe a frequency ratio of 1.42(1) between the oscillation 
frequencies. A full frequency spectrum in the two shells is shown in 
Fig. 2a and the frequency separation of the two resonances, 
160(10) Hz, matches the theoretically expected value of 165(35) Hz 
when the effect of virtual orbital-changing collisions is included 
(Methods). 

We next use OEB to demonstrate a new means of cooling quantum 
gases. Evaporative cooling is the standard technique for cooling atomic 
gases to nanokelvin temperatures. However, present interest in studying 
the physics of strongly correlated materials, such as high-transition- 
temperature copper oxides, using ultracold gases’*’* has spurred 
research into developing new cooling techniques that can reach the 
requisite picokelvin regime”*”’. The field of quantum information offers 
an alternative cooling method, whereby a sequence of unitary quantum 
gates purifies a subset of the quantum bits (qubits) in a system by moving 
entropy and isolating it in another part of the system”. One realization of 
such a cooling scheme, heat-bath algorithmic cooling, has been success- 
fully demonstrated with solid-state NMR qubits'’. We introduce an 
analogous technique for quantum gases whereby the unitary operations 
are achieved using OEB, building on previous theoretical proposals in 
this direction**””. 

A bosonic quantum gas at a finite temperature, T, adiabatically loaded 
into the ground band of an optical lattice stores its entropy in the form of 
atom number fluctuations in the zero-tunnelling limit. Within the local 
density approximation, a lattice site with a local chemical potential 1 is 
described bya density matrix p = )~,, p,,|n) (n|, where p,,, the probability 


—B(Ugn(n—1)/2—nn) 17 Here 


{ = 1/kgT, where kg is Boltzmann’s constant, and Z is the grand 
canonical partition function. Cooling to zero temperature is achieved 
by changing the atom number distribution on each site to obtain 
Pn=Onpu /Usg) where 6 denotes the Kronecker delta and | x | denotes 
the least integer greater than x. 

The crucial ingredient for algorithmic cooling is a unitary operation 
that realizes the transformation |n, m)—> |n — 1, m+ 1) for each n 
separately, where |n, m) denotes a Fock state with n atoms in the 
ground orbital and m atoms in an excited orbital. Resonant lattice 
modulation in the presence of OEB results in a rotation gate 
Ram(t) =exp[i(Qnat|n—1,m+1)(n,m|+h.c.)], where Q,,, is the 
transition’s Rabi frequency, ‘h.c.’ denotes the Hermitian conjugate 
terms and the required transformation is achieved for a modulation 
time t = 2/2Q,,,,. Entropy is transferred from the ground band to the 
excited band by performing a sequence of m-rotation gates Ry _.., for 
s=0 to N— 1, with N chosen large enough that py ~ 0 in the initial 
state. At the end of this sequence, most of the entropy of the gas has 
been transferred to the excited band and can be removed from the 
system by ejecting the atoms in that band. The local chemical potential, 
Lt, is re-adjusted to recover a situation closer to thermal equilibrium by 
reducing the harmonic confinement frequency to a new value, Mow» 
such that 1s < Ug, throughout the gas. At this point, residual entropy is 
stored in the resulting n = 1 Mott insulator in the form of holes that are 
preferentially located near the edge of the sample. The gas is made to 
rethermalize by lowering the lattice depth to allow tunnelling, and the 
entropy of the final, thermalized, state should be significantly lower 
than that of the initial state. 

We start by experimentally demonstrating the algorithm on a state 
with known atom number, namely a four-shell Mott insulator, and 
reducing the site occupation everywhere in the insulator to one atom 
per site. To increase the blockade energy for this set of experiments, we 
transfer atoms to the fourth axial orbital rather than the second. We 
also replace the rotation gates used above with Landau—Zener transi- 
tions to improve the fidelity of the algorithm. We linearly sweep the 
modulation frequency from 20.90 to 21.65 kHz in 250 ms. This chirp 
realizes a sequence of quantum operations that transfer atoms to the 
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Figure 3 | Algorithmic cooling in an optical lattice. a, Landau-Zener chirp 
for transferring entropy from the ground band to the fourth excited band. The 
lattice modulation frequency is swept across the transition resonances from left 
to right. The values of the interaction shift, Aw,, between the excitation 
frequency for one of n atoms transferred to the fourth orbital and the excitation 
frequency for a single atom at a site are shown for different orbital occupations. 
Excitation processes in the same column happen at the same frequency, to 
within 30 Hz (Supplementary Table 1). b, A state with random occupation in a 
deep lattice is far from the Mott-insulating ground state. Sequential filtering 
operations and subsequent reduction of the confinement prepare the ground 
state, which can be adiabatically converted to a thermalized superfluid in a 
shallow lattice. Red and blue spheres denote atoms in the ground and excited 
bands, respectively. 
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excited orbital one at a time, until only one atom remains in the ground 
orbital in all shells (Fig. 3a). We probe the ground-orbital occupancy at 
different points in the frequency chirp by ejecting atoms from the 
higher orbital as before and then performing the parity imaging. The 
parity of the different shells during the chirp is shown in Fig. 4a, and an 
analogue of the typical Coulomb blockade staircase is seen in the data. 
Shell-sensitive manipulation of a Mott insulator was achieved in pre- 
vious experiments using a microwave transition between hyperfine 
states, but the lack ofa strong blockade allowed transfer of only a small 
fraction of the population to the target state”. 

Next we demonstrate cooling by performing the algorithm ona state 
that is far from the many-body ground state. To prepare such a state, 
we non-adiabatically load a condensate into a deep lattice, projecting 
the wavefunction onto a state with Poissonian site occupancy that 
rapidly loses coherence between sites. Using the same operation 
sequence as before, we progressively reduce the randomness of the 


ground-band occupancy, preparing a single-occupancy Mott insulator 
(Fig. 3b). We increase the odd-parity occupancy from 0.45(1) to 
0.76(2) (Fig. 4b), demonstrating significant atom number squeezing 
limited by the conversion efficiency of the Landau-Zener transitions. 
To complete the algorithm, we re-adjust the harmonic confinement to 
obtain a state close to the many-body ground state. We verify the 
ground-state character by ramping back adiabatically to a 5E, lattice 
in 100 ms and releasing the atoms from the lattice. Without cooling, we 
obtain a featureless cloud (Fig. 4c, top), indicating an absence of the 
coherence expected in the superfluid ground state. With cooling, the 
Mott insulator is adiabatically converted to a superfluid, giving rise to 
matter-wave interference peaks (Fig. 4c, bottom). 

We now discuss the limits on the entropies that can be achieved with 
algorithmic cooling. The efficiency of conversion to a single-occupancy 
Mott insulator is technically limited in our system by heating due to 
spontaneous emission during the sweep and, to a lesser extent, by the 
efficiency of the Landau—Zener sweep for clouds (samples) with large 
average occupancies (Methods). Although we have demonstrated 
cooling of hot clouds, the single-occupancy probability we have 
achieved using algorithmic cooling in a two-shell Mott insulator is 
0.94(1). This is comparable to what was previously achieved with 
evaporative cooling, corresponding to an average entropy of 0.27k, 
per particle’'. Nevertheless, lattice heating can be made negligible by 
using a further-detuned lattice (for example with a wavelength of 
1,064 nm), and shaped pulses can improve the Landau-Zener transfer 
efficiency’. More fundamentally, the single-shot cooling algorithm we 
have implemented is limited by initial holes in the Mott insulator that 
cannot be corrected. However, repeated iterations of the algorithm can 
circumvent this problem and bring the cloud to zero entropy rapidly”. 
The cycle alternates between using OEB to produce a reduced-entropy, 
n= 1 insulator in weak harmonic confinement (demonstrated above) 
and adiabatically increasing the confinement in the presence of 
tunnelling to move hot particles to the centre of the cloud, where they 
can be removed again. Alternatively, the outer edge of the cloud con- 
taining the holes can be removed using the high resolution available in 
our system”. 

We have observed a new blockade phenomenon in optical lattices 
when exciting atoms to higher orbitals, analogous to dipole excitation 
blockade in Rydberg atoms. The blockade permits deterministic 
manipulation of atom number in an optical lattice. We have used it 
to convert a multi-shell Mott insulator into a singly occupied insulator 
with over 1,000 sites, the largest quantum register achieved so far in 
an addressable system. The same technique allows initialization of 
registers in longer-wavelength lattices where a Mott insulator cannot 
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Figure 4 | Experimental realization of algorithmic cooling. a, By chirping 
the modulation towards higher frequencies, atoms in a four-shell Mott 
insulator are sequentially excited one at a time to the fourth orbital. The 
population in the higher-energy orbital is es ejected at the end of the 
chirp. The average parities in the n = 1 (orange), n = 2 (blue), n = 3 (black) and 
n= 4 (green) shells are shown at different points in the chirp, together with 
single-shot images, illustrating the conversion to a three-, a two- and, finally, a 
one-shell insulator. b, The same frequency chirp algorithmically cools a state 
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with random occupancy into an m = 1 Mott insulator, observed as an 
enhancement in odd-parity occupancy. Error bars, 1 s.e.m. ¢, Top: after the 
lattice depth is adiabatically lowered, an incoherent cloud does not show an 
interference pattern in a expansion with a 5-ms time of flight. Bottom: cooling 
converts the incoherent cloud to a Mott insulator in the deep lattice. After the 
lattice depth is adiabatically lowered, a superfluid forms and an interference 
pattern is obtained in the expansion images. 
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be prepared***’. OEB also opens a route to implementing quantum 
gates in optical lattices. Single-site addressing”, possible with our 
microscope, can perform rotations of individual orbital-encoded 
qubits rather than the global rotations demonstrated in this work. 
Controlled-NOT gates can be implemented by conditionally moving 
the control qubit to the target qubit site and performing an interaction- 
sensitive rotation of the target qubit'*. Finally, the algorithmic cooling 
technique we have developed could potentially achieve the ultralow 
entropies required for quantum simulation’*”? and computation in 
optical lattices, and establishes a connection with quantum informa- 
tion through which may come novel ideas for cooling quantum gases. 


METHODS SUMMARY 


Our experiments start with a single-layer, two-dimensional quantum gas of °’Rb 
in a square lattice with a spacing of 680 nm. Confinement in the plane is achieved 
by putting the atoms in a single well of an axial lattice with a trap frequency of 
2n X 5.90 kHz. The atom plane is at the focus of a high-resolution imaging system 
with a numerical aperture of 0.8, capable of resolving atoms at individual sites. To 
suppress any tunnelling when studying the OEB process, the in-plane lattice depth 
is ramped to 45E,. To drive transitions between orbitals, the axial lattice depth is 
modulated at the appropriate frequency, taking into account interaction shifts. 
Atoms in higher orbitals are removed by decreasing the depth of the axial lattice, 
allowing the atoms to Zener tunnel away in a few milliseconds owing to the 
gravitational potential in that direction. The site occupations of the remaining 
ground-orbital atoms are then detected using fluorescence imaging. The depths of 
the in-plane and axial lattices are rapidly increased to 300 1K and 3 mK, respec- 
tively, to pin the atoms during the imaging process, and red-detuned optical 
molasses beams serve to illuminate and cool the atoms simultaneously. Light- 
assisted collisions rapidly eject atoms in pairs, and photons scattered by residual 
atoms at sites that had an odd occupation number are detected on a charge- 
coupled device. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
State preparation. Our experiments begin with a degenerate, two-dimensional 
Bose gas of °’Rb atoms prepared in the |F = 1, mp = —1) state ina single layer ofa 


one-dimensional optical lattice with spacing 1.5 jm, in the focal plane of a high- 
resolution imaging system as described in previous work. The atoms are then 
loaded into a two-dimensional optical lattice with spacing 680nm, which is 
ramped up to a depth of 45E, adiabatically on either a single- or many-body 
timescale, depending upon the experiment to be performed. 

Higher-orbital removal. The orbital blockade is observed through the determin- 
istic removal of atoms from higher-energy orbitals of the 1.5-,1m lattice. Removal of 
atoms from the second excited orbital is achieved by reducing the depth of this 
lattice to 3.8 kHz from an initial depth of 35.8 kHz. Gravity produces a shift of 
3.2 kHz per well, thus inducing second-orbital atoms to Zener tunnel away within a 
few milliseconds. The Landau-Zener tunnelling rate from the ground orbital is 
given by I'.z =(mga/2nh)e~&/8~12 Hz. Here gis the acceleration due to gravita- 
tion and g. = aw? /4. This effect leads to a loss of ground-state atoms on the per cent 
level, but can be made negligible by using excitations to the fourth excited orbital. 
Orbital-dependent energy shifts. Owing to its large spacing, the 1.5-m lattice 
has a recoil energy of only 250 Hz. Consequently, its depth is ~150 recoils, and 
its low-lying eigenstates are, to a good approximation, the Hermite-Gaussian 
modes of a harmonic oscillator. The interaction energy between particles in 
orbitals m and n may thus be written in terms of the ground-orbital interaction 
energy, Upo, as 


Lm (2)? nlx) Pd 
L\Wo(x)?dx 


where w,,,(x) is the normalized mth harmonic oscillator wavefunction. The total 
interaction shift for M particles in orbital m and N particles in orbital n is thus 
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The interactions also produce off-resonance orbital-changing collisions, with a 
Rabi frequency 
[a <) la wea wax) ax 
Llpo(x)|"ax 

where Cynnespq is a combinatoric factor resulting from Bose enhancement. For an 
energy defect of Omnepq>> Qimnespg> this process produces an energy shift of 
Ann = = |Qipsiesnagll Onemespas In our experiment, the dominant orbital-changing 
collision is |m=0, n=2)—>|p=1, q=1), with a Rabi frequency 
Qo2es11 = 20 X 120 Hz. In this case, lattice anharmonicity and interaction shifts 
produce an energy defect of do2.51; = 2 X 330 Hz, resulting in an additional 
overall shift in the energy of the |0, 2) state of do. = —2n X 45 Hz. 
Limits on entropies achievable with algorithmic cooling. In our system, the 
main limitation on the entropies achievable with algorithmic cooling is losses 
during the Landau-Zener chirp. Spontaneous emission after absorption of 
photons from the lattice leads to excitation of atoms from the ground orbital at 
a rate of 0.1s ‘. These atoms are quickly lost owing to tunnelling in the higher- 
energy orbitals in the case of the in-plane lattice or in the orbital-filtering step in 
the case of the axial lattice. This leads to holes in an n = 1 Mott insulator (3% 
during the 250-ms ramp), setting a lower bound on the reachable entropy after 
thermalization of ~0.15kg per particle. The lattice light is blue-detuned 25 nm 
from the atomic resonance, and the heating rate can be made negligible by increas- 
ing the detuning (for example by using 1,064-nm lattice light). A more fun- 
damental limit on the single-shot cooling algorithm demonstrated here is 
caused by initial holes in the Mott insulator that cannot be corrected. For our 
Mott insulators, the hole fraction is on the order of 0.5%, corresponding to a post- 
thermalization entropy of ~0.06kg per particle. This limit can be overcome by the 
iterative algorithm described in the text. For Mott insulators with large initial atom 
numbers per site, it is also important to take into account the efficiency of the 
Landau-Zener chirp. For excitation to the second orbital, the measured efficiency 

is 0.94(1). 
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Tuning charge transport in solution-sheared organic 
semiconductors using lattice strain 


Gaurav Giri, Eric Verploegen'”, Stefan C. B. Mannsfeld?, Sule Atahan-Evrenk?, Do Hwan Kim!, Sang Yoon Lee’, 
Hector A. Becerril®, Alan Aspuru- Guzik*, Michael F. Toney” & Zhenan Bao! 


Circuits based on organic semiconductors are being actively explored 
for flexible, transparent and low-cost electronic applications’*. But 
to realize such applications, the charge carrier mobilities of solution- 
processed organic semiconductors must be improved. For inorganic 
semiconductors, a general method of increasing charge carrier 
mobility is to introduce strain within the crystal lattice’. Here we 
describe a solution-processing technique for organic semiconductors 
in which lattice strain is used to increase charge carrier mobilities by 
introducing greater electron orbital overlap between the component 
molecules. For organic semiconductors, the spacing between 
cofacially stacked, conjugated backbones (the n-1 stacking distance) 
greatly influences electron orbital overlap and therefore mobility’. 
Using our method to incrementally introduce lattice strain, we alter 
the m-n stacking distance of 6,13-bis(triisopropylsilylethynyl) 
pentacene (TIPS-pentacene) from 3.33 A to 3.08 A. We believe that 
3.08 A is the shortest 1-1 stacking distance that has been achieved in 
an organic semiconductor crystal lattice (although a m-1 distance 
of 3.04 A has been achieved through intramolecular bonding*’). 
The positive charge carrier (hole) mobility in TIPS-pentacene 
transistors increased from 0.8 cm? V's” for unstrained films to 
a high mobility of 4.6cm7V~'s' for a strained film. Using 
solution processing to modify molecular packing through lattice 
strain should aid the development of high-performance, low-cost 
organic semiconducting devices. 

Inorganic semiconductor films can exhibit lattice strain due to lat- 
tice mismatch by heteroepitaxy, with strained films showing increased 
charge carrier mobility®. Recently, the bandgap of graphene has been 
modified using uniaxial strain, providing a way of tuning electronic 
properties’. Similarly, straining the crystal lattice of organic semi- 
conductors could provide a way of changing the electronic properties 
of organic semiconductors. For organic semiconductors, the n-1 
stacking distance between cofacially stacked molecules critically affects 
the charge carrier mobility’. Therefore, a strained lattice that results in 
shorter mn stacking distances can potentially greatly increase the 
charge transfer integral, which describes the electronic wavefunction 
overlap between adjacent molecules’. At the same time, the displace- 
ment distance along other molecular axes is also important in charge 
transport’. 

Changing the chemical structure of the organic semiconductor, or the 
chemical composition of the dielectric interface, has been shown to affect 
organic semiconductor molecular packing. These are the most common 
methods used to design high-performance organic-semiconductor 
devices'*'°. Non-synthetic techniques offer an alternative way of con- 
trolling the molecular packing. Some organic semiconductors exhibit 
temperature-induced solid-state transitions in molecular packing, while 
others exhibit a thin-film packing structure that is different from the bulk 
molecular packing motif'”’*. The small-molecule organic semi- 
conductor TIPS-pentacene has a ‘brick-wall’ packing motif with a t—n 
stacking distance of 3.33 A as both a thin film and a bulk crystal”. It is 


stable in air, processible through solution-based methods and possesses 
high hole mobility*®’. Here, we report the formation of strained 
molecular packing in TIPS-pentacene thin films using our previously 
reported solution-shearing method”. The m-1 stacking distance 
decreased from 3.33 A to 3.08 A for the solution-sheared thin film 
prepared at a shearing speed of 8mms '. The hole mobility was 
increased from 0.8cm*V_'s | for unstrained films prepared at a 
shearing speed of 0.4mms '‘ up to as high as 4.6cm*V ‘s ‘ in 
strained thin films prepared at a speed of 2.8mms_|. 

During the solution-shearing process, a shearing plate drags the 
solution across a heated substrate while keeping the bulk of the solu- 
tion between the plate and the substrate, with only the evaporation 
front exposed (Fig. la and Supplementary Fig. 1)”. Fig. 1b-f shows 
cross-polarized optical microscope images illustrating the texture of 
thin films as a function of shearing speed, ranging from 0.4mms° ' to 
8mms_ ‘.Forashearing speed of 0.4mms_’ (Fig. 1b and Supplemen- 
tary Fig. 2), oriented, millimetre-wide TIPS-pentacene domains with 
lengths of up to a centimetre are observed with the long axis parallel to 
the shearing direction. Shearing at a speed of 1.6mms "' (Fig. Ic) 
results in domains that are narrower and shorter in length than those 
resulting from shearing at 0.4mms_ '. This trend in TIPS-pentacene 
morphology continues up to a shearing speed of 2.8mms_ (Fig. 1d). 

When the shearing speed is raised to 4mms_', a comet-shaped 
morphology (known as ‘transcrystalline’) is observed (Fig. le). These 
features are hundreds of micrometres wide and several millimetres 
long. Such transcrystalline features have been observed for polymers 
crystallized in a temperature gradient and for small molecules 
crystallized in a concentration gradient**~*. A concentration gradient 
between the bulk solution and the evaporation front also forms during 
solution shearing”®. Increasing shearing speed to 8mms ' results in 
an isotropic, spherulitic film (Fig. 1f); no preferential orientation rela- 
tive to the shearing direction is observed for the spherulites. 

In addition to altering TIPS-pentacene thin film crystallite orienta- 
tion (texture) and domain sizes, solution-shearing speed also has an 
effect on the molecular packing in the thin film. Grazing incidence 
X-ray diffraction (GIXD) experiments were performed to characterize 
the texture and molecular packing. As the shearing speed increases, the 
(101) d-spacing decreases incrementally, from 7.70 A to 7.26 A, and 
concurrently the (010) d-spacing increases incrementally, from 7.83 A 
to 8.13 A (Fig. 2 and Supplementary Table 1). These d-spacing changes 
occur for the in-plane lattice parameters (a and b) only, because the 
vertical layer spacing—the (001) d-spacing—does not systematically 
change with shearing speed (Supplementary Fig. 3). To our knowledge, 
a non-synthetic methodology to induce incremental thin-film lattice 
strain has not been reported. 

To study lattice strain evolution in detail, high-resolution GIXD 
measurements were performed to determine the crystal structure 
(Supplementary Fig. 4). Changes in the positions of GIXD peaks is 
due to the incrementally changing lattice strain in the TIPS-pentacene 
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Figure 1 | Solution-shearing schematic and cross-polarized optical 
microscope images of solution-sheared films. a, Schematic diagram of the 
solution-shearing method. b-f, Cross-polarized optical microscope images of 
solution-sheared TIPS-pentacene thin films, formed with shearing speeds of 
0.4mms /,1.6mms /,2.8mms !,4mms !and8mms_|, respectively 
(scale bars are all 200 j1m). Dark regions of the images are due to crystallites 
oriented along the polarization direction of the light. In all cases the white arrow 
represents the shearing direction. The maximum mobility obtained for films 
with the corresponding thin film crystal texture is given by [max. 


film as a function of solution-shearing speed. The low signal-to-noise 
ratio at higher shearing speeds is caused by the loss of anisotropy of the 
crystallite texture. Peak broadening is seen with increasing shearing 
speed, which is consistent with the much smaller crystallite sizes 
caused by fast drying at high shearing speeds. It is also possible that 
the entire film is not uniformly strained, causing a distribution of 
superimposed peaks. Owing to peak broadening beyond the shearing 
speed of 4mm s_ ', we cannot exclude the possibility that the peak shift 
seen from 4mms ' to 8mms " is the result of the coexistence of 
differently strained crystallites. The changes in lattice strain occurring 
at various shearing speeds are not due to differences in film thickness 
(Supplementary Fig. 5). We eliminated the possibility of a solvent 
inclusion complex leading to the observed change in the unit cell 
dimensions, because heating the strained film up to 160°C did not 
change the molecular packing, despite this temperature being much 
higher than the boiling point of the solvent used, toluene. 
Furthermore, the film sheared at 0.4mms ! showed a GIXD pattern 
identical to the pattern of an evaporated thin film that was not exposed 
to solvent. 

The unit cell geometry of the solution-sheared TIPS-pentacene 
thin films was obtained from the peak positions measured from the 
GIXD images using a least-square-error optimization procedure 
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Figure 2 | Change in GIXD pattern of TIPS-pentacene as function of 
shearing speed. a, A representative GIXD pattern of a sheared film of TIPS- 
pentacene. b, d, f, h and j, The evolution of the (101) Bragg peak used to 
calculate the (101) d-spacing of TIPS-pentacene thin films. ¢, e, g, i and 

k, Evolution of the (010) Bragg peak used to calculate the (010) d-spacing of 
TIPS-pentacene thin films. As shearing speed increases, the (101) Bragg peak 
shifts to higher q,,, (reciprocal spacing) values and the (010) Bragg peak shifts to 
lower q,, values, signifying unit cell strain in the plane of the substrate surface. 
The qx and q, components are the scattering vectors parallel and perpendicular 
to the substrate, respectively. A dashed line is placed at the unstrained peak 
positions to guide the eye. 


(Supplementary Table 1)'*. The TIPS-pentacene in-plane unit cell 
geometry becomes increasingly more oblique with increasing shearing 
speed, while the in-plane unit cell area remains comparatively con- 
stant, which is also consistent with the absence of solvent inclusion in 
the unit cell (Supplementary Table 1). 

To assess the stability of this strained crystal lattice, we exposed the 
strained films to toluene vapour. This induced a reorganization of the 
molecular packing without affecting crystallite texture or domain size, 
indicating that the strained structure is metastable. Upon exposure to 
toluene vapour a change in GIXD peak position occurred (Supplemen- 
tary video 1). After an hour of toluene exposure, the lattice spacing of 
strained films became similar to that of the evaporated thin film, 
indicating strain relief (Supplementary Fig. 6). On the other hand, 
the strained films are thermally stable up to 160 °C (Supplementary 
Video 2). 

The molecular packing of TIPS-pentacene has been previously 
determined for evaporated thin films, and was found to be identical 
to the bulk crystal structure’. Two distinct molecular pairs, labelled 
Tl and T2, can be seen (Fig. 3a). Here, the same crystal structure 
determination technique was applied to films sheared at a speed of 
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Figure 3 | Molecular packing structure of TIPS-pentacene thin films 

prepared under different conditions. a, Evaporated thin film. b, A thin film 
fabricated from solution shearing at a speed of 8mms_'. T1 and T2 denote the 
unique molecular pairs (Supplementary Table 2). c, Solution-sheared thin film 


8mms_'; the method is described in Supplementary Fig. 7. The crystal 
structure for the film solution-sheared at 8mms_' displayed a more 
oblique molecular packing motif than did that of the evaporated thin 
films (Fig. 3b). The m-1 stacking distance of the T1 molecular pair 
(Fig. 3b) decreased from 3.33 A in the evaporated thin film to 3.08 A in 
thin films prepared at a shearing speed of 8mms. '. This is significant 
because the m-7 stacking distance has an exponential impact on the 
transfer integral between cofacially arranged m-conjugated organic 
semiconductor molecules’. Density functional theory calculations 
show that the nearest-neighbour charge transfer integral of the T1 
molecular pair increases from 11.7 meV in the evaporated thin film 
to —36.9 meV in the strained thin film (Supplementary Fig. 8 and 
Supplementary Table 2). The lattice strain induced in the TIPS-pen- 
tacene molecular packing also results in a molecular displacement 
along the molecular long and short axes. These displacements also 
affect the charge transfer integral, so the overall charge transfer integral 
may not necessarily increase with a shorter m-1 stacking distance. 
Density functional theory calculations were performed to check the 
impact of molecular long and short axis displacements (Supplemen- 
tary Fig. 9). We also note that the strained T2 molecular pair has a 


m-n distance: 3.79 A 


distance: 3.08 A 
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at8mms_ *, viewed along the cofacial axis. Spheres represent the TIPS groups: 
yellow and green correspond to the front and back of the pentacene moiety, 
respectively. The blue arrow represents the high charge transport direction, as 
well as the direction of shearing. 


larger 1-1 stacking distance of 3.79 A, and a low charge transfer integ- 
ral of 0.429 meV (Fig. 3b and Supplementary Table 2). We hypothesize 
that charge transport in the strained TIPS-pentacene lattice is one- 
dimensional and mainly through T1 molecular pairs, primarily along 
the b axis, which is also the direction of elongated crystallite growth. 

We then measured the impact of lattice strain on the electronic 
performance of TIPS-pentacene thin film transistors (TFTs). The in- 
plane hole mobility was measured in a bottom-gate, top-contact field 
effect transistor configuration. The hole mobility in these TFTs is 
higher parallel to the shearing direction than perpendicular. 
Although the in-plane unit cell geometry becomes increasingly oblique 
as shearing speed increases (Fig. 4a and Supplementary Table 1), the 
average mobility along the shearing direction as a function of shearing 
speed increased to a maximum of 2.1cm’V_'s~' for thin films 
prepared at a shearing speed of 2.6mms_' (Fig. 4b and Supplemen- 
tary Table 3). The average mobility decreased for faster shearing 
speeds, to a value of 0.47cm* V's’ ' for samples prepared at a speed 
of8mms  '. Weattribute the decrease in the average mobility observed 
at shearing speeds above 2.6mms | to the decrease in crystallite size 
and alignment (Fig. 1), causing an increase in the number of grain 
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Figure 4 | Lattice strain and charge transport properties as a function of 
shearing speed. a, (101) and (010) d-spacing of TIPS-pentacene thin films 
sheared at different speeds. b, Average and maximum charge carrier mobilities of 
transistors fabricated from TIPS-pentacene thin films sheared at different 
speeds. The mobilities were measured along the direction of shearing. The error 
bars show the standard error of the mean, calculated by dividing the standard 
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deviation of the mobility by the square root of the total number of samples 
measured. The total number of samples tested is provided in Supplementary 
Table 3. c, Transfer curve of a device prepared at a shearing speed of 2.8 mms _ 
showing mobility of 4.6cm’ V_'s_ 1. Ipg is the source-drain current. ‘On/Off 
represents the ratio between the maximum current in the device when it is active, 
and the minimum current when the device is turned off. 


1 


mited. All rights reserved 


boundaries and contribution from the weaker electronic overlap of the 
T2 molecular pair respectively”®. The best-performing device showed a 
mobility of 4.6cm?V_'s ', reached ata shearing speed of 2.8mms ' 
(Fig. 4c). Mobility distributions for high-performance TFT are shown 
in Supplementary Fig. 10. These TFT's were also stable for at least a year 
of storage in the dark and under vacuum, showing only a 10% decrease 
in mobility; additionally, no relaxation of lattice strain was observed for 
a film stored in air for more than three months (Supplementary Table 
4). As a reference, the previously reported maximum mobility for a 
TIPS-pentacene TFT at room temperature was 1.8cm* V's‘, and 
the observed threshold voltages here may be different from those 
reported previously owing to differences in device structure, material 
purity and interface properties”’”°”’. We attribute our higher mobility 
to the improved electronic coupling between molecules in the strained 
films. This conclusion is further supported by the observation that 
decreased mobilities were observed for partially strain-relieved films 
while maintaining the same film textures. The strained films were 
annealed with toluene vapour for 5 min, which resulted in a partial 
relief of the strain, as confirmed via GIXD (Supplementary Fig. 11). 
Longer exposure times formed cracks in the thin film. A decrease in 
TFT mobility after toluene vapour annealing was observed for all films 
prepared at speeds above 0.4mm s__' (Supplementary Fig. 12). There is 
no change in the film texture as confirmed by cross-polarized optical 
microscopy and atomic force microscopy, so we attribute the 
decreased mobility to relaxed molecular packing strain (Supplemen- 
tary Fig. 11). 

During solution shearing, the liquid film thickness decreases as a 
function of increasing shearing speed”. A steeper temperature gradient 
forms in thinner liquid films, because the bottom of the film is in contact 
with a heating source, while the top surface is exposed to ambient 
temperature. The solvent evaporates faster in the thinner liquid film, 
which results in faster solution flow towards the growing crystal front 
(Supplementary Fig. 1). The faster solvent evaporation rate also gives 
the growing crystal front less time to reach an equilibrium state. We 
hypothesize that the fast crystallization and solvent evaporation 
kinetically traps metastable states. These states can then be relaxed 
to lower energy states using toluene vapour annealing. Faster rates of 
solvent evaporation coupled with velocity and concentration gradients 
are probably the key factors giving rise to strained crystals. We found 
that solution shearing can introduce lattice strain and charge transport 
enhancement in other organic semiconductors, demonstrating the 
utility of solution shearing as a general technique for tuning molecular 
packing (Supplementary Fig. 13). 

In summary, we have demonstrated that solution shearing can be 
used to incrementally change the molecular packing of the TIPS- 
pentacene molecule. The m-1 stacking distance of the T1 molecular 
pair decreased from 3.33 A to 3.08 A with increasing shearing speed, 
and density functional theory calculations show an increase in the 
charge transfer integral beyond that calculated for the evaporated thin 
film. The direction of elongated crystallite texture growth is along the b 
axis, which is also the direction for faster charge transport. We were 
able to achieve a maximum mobility as high as 4.6 cm” V_'s_ ', which 
is more than twice the highest maximum value (1.8 cm*V's_') 
previously reported’’. However, we did not observe a monotonic 
increase in mobility as a function of increasing shearing speed owing 
to the formation of smaller and less oriented crystallites at high shear- 
ing speeds, which introduce grain boundary regions and domains with 
weaker electronic overlap*”’. Additionally, molecular displacements 
along the molecular long and short axes affect the charge transfer 
integral, so the overall charge transfer integral for all organic semi- 
conductors may not necessarily increase with deceasing n-n stacking 
distance. The advantage of our solution-shearing approach is that it 
allows us to access many possible new packing structures that are not 
possible through other commonly used methods. Therefore, in a given 
molecular system it provides more opportunities to enhance the 
charge transport. Modifying the molecular packing by tuning the 
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extent of lattice strain instead of changing the chemical structure pro- 
vides an alternative method of studying charge transport as a function 
of packing. We expect this work to provide a new way to improve 
the charge carrier mobility of organic semiconductors for practical 
applications. 


METHODS SUMMARY 


The TIPS-pentacene (received from 3M) was used without further purification. 
The bottom device substrate (2 X 2.cm*) was treated with phenyltrichlorosilane 
(PTS) to ensure proper wetting for the TIPS-pentacene solution and to reduce 
surface charge traps. PTS treatment was accomplished by immersing the Piranha- 
cleaned (see the online-only Methods) wafer into a toluene solution of PTS (3 wt%) 
and heated at 90 °C for 15 h. For the top shearing plate, a silicon wafer with 300 nm 
thermally grown oxide was treated with a monolayer of octadecyltrichlorosilane 
(OTS), according to a method we published previously for forming a highly 
hydrophobic crystalline OTS monolayer*”*. The solution-sheared films were 
characterized using a cross-polarized optical microscope (Leica DM4000M). 
Thickness measurements were performed with a Dektak 150 profilometer, pur- 
chased from the Veeco Metrology Group. Tapping mode atomic force microscopy 
(AFM) was performed using a Multimode Nanoscope III (Digital Instruments/ 
Veeco Metrology Group). 

GIXD was performed at the Stanford Synchrotron Radiation Lightsource on 
beamlines 2-1, 7-2, and 11-3. Numerical integration of the diffraction peak areas 
was performed with the software WxDiff’’. The unit cell geometries were deter- 
mined by least-square-error optimization fitting of the peak positions. The 
molecular arrangements of TIPS-pentacene in the unit cells were obtained from 
a crystallographic refinement procedure. The electrical characterization was per- 
formed on bottom-gate, top-contact field effect transistors. All field effect transistors 
were fabricated and tested in ambient conditions, with exposure to light and air. The 
electrical characteristics of the TIPS-pentacene films were measured using a Keithley 
4200-SCS semiconductor parameter analyser. The transfer integrals for the nearest- 
neighbour pairs of molecules (Supplementary Fig. 8) are calculated using density 
functional theory employing the B3LYP functional and the 6-31G(d,p) basis set. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 6 July; accepted 26 October 2011. 


1. Dimitrakopoulos, C. D. & Malenfant, P. R. L. Organic thin film transistors for large 
area electronics. Adv. Mater. 14, 99-117 (2002). 

2. Jones, B.A. et al. High-mobility air-stable n-type semiconductors with processing 
versatility: dicyanoperylene-3,4:9,10-bis(dicarboximides). Angew. Chem. 116, 
6523-6526 (2004). 

3. Rogers, J.A.etal. Paper-like electronic displays: large-area rubber-stamped plastic 
sheets of electronics and microencapsulated electrophoretic inks. Proc. Nat! Acad. 
Sci. USA 98, 4835-4840 (2001). 

4. Gao, P. et al. Dithieno[2,3-d;2’,3’-d’]benzo[1,2-b;4,5-b’]dithiophene (DTBDT) as 
semiconductor for high-performance, solution-processed organic field-effect 
transistors. Adv. Mater. 21, 213-216 (2009). 

5. Zhang, M. etal. Field-effect transistors based ona 
benzothiadiazole—cyclopentadithiophene copolymer. J. Am. Chem. Soc. 129, 
3472-3473 (2007). 

6. Lee, M.L,, Fitzgerald, E. A., Bulsara, M. T., Currie, M. T. & Lochtefeld, A. Strained Si, 
SiGe, and Ge channels for high-mobility metal-oxide-semiconductor field-effect 
transistors. J. Appl. Phys. 97, 011101 (2005). 

7. Bredas,J.L., Calbert, J. P., da Silva Filho, D.A. & Cornil, J. Organic semiconductors: a 
theoretical characterization of the basic parameters governing charge transport. 
Proc. Natl Acad. Sci. USA 99, 5804-5809 (2002). 

8. Che, C.-M. et al. Single microcrystals of organoplatinum(Il) complexes with high 
charge-carrier mobility. Chem. Sci. 2, 216-220 (2011). 

9. Chui, S.S. et al. Homoleptic platinum(ll) and palladium(ll) organothiolates and 
phenylselenolates: solvothermal synthesis, structural determination, optical 
properties, and single-source precursors for PdSe and PdS nanocrystals. Chem. 
Asian J. 5, 2062-2074 (2010). 

0. Sokolov, A. N. Molecular Co-crystals: Semiconductors, Photoactive Solids, and 
Catalysts PhD thesis, Univ. lowa (2007). 

1. Ni, Z.H. et a/. Uniaxial strain on graphene: Raman spectroscopy study and band- 
gap opening. ACS Nano 2, 2301-2305 (2008). 

2. Anthony, J. E., Eaton, D. L. & Parkin, S. R. A road map to stable, soluble, easily 
crystallized pentacene derivatives. Org. Lett. 4, 15-18 (2002). 

3. Tang, M.L., Oh, J.H., Reichardt, A. D. & Bao, Z. Chlorination: a general route toward 
electron transport in organic semiconductors. J. Am. Chem. Soc. 131, 3733-3740 
(2009). 

4. Okamoto, T. et a/. Synthesis, characterization, and field-effect transistor 
performance of pentacene derivatives. Adv. Mater. 19, 3381-3384 (2007). 

5. Feng, X. et al. Towards high charge-carrier mobilities by rational design of the 
shape and periphery of discotics. Nature Mater. 8, 421-426 (2009). 


22/29 DECEMBER 2011 | VOL 480 | NATURE | 507 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


16. Gsdanger, M. et al. A crystal-engineered hydrogen-bonded octachloroperylene 
diimide with a twisted core: an n-channel organic semiconductor. Angew. Chem. 
122, 752-755 (2010). 

17. Chen, J., Anthony, J. & Martin, D.C. Thermally induced solid-state phase transition 
of bis(triisopropylsilylethynyl) pentacene crystals. J. Phys. Chem. B 110, 
16397-16403 (2006). 

18. Yuan, Q. et a/. Thin film structure of tetraceno[2,3-b]thiophene characterized by 
grazing incidence X-ray scattering and near-edge X-ray absorption fine structure 
analysis. J. Am. Chem. Soc. 130, 3502-3508 (2008). 

19. Mannsfeld, S.C. B., Tang, M. L. & Bao, Z. Thin film structure of 

triisopropylsilylethynyl-functionalized pentacene and tetraceno[2,3-b]thiophene 

rom grazing incidence X-ray diffraction. Adv. Mater. 23, 127-131 (2011). 

20. Sakanoue, T. & Sirringhaus, H. Band-like temperature dependence of mobility ina 

solution-processed organic semiconductor. Nature Mater. 9, 736-740 (2010). 

21. Lee, W. H. et a/. Solution-processable pentacene microcrystal arrays for high 

performance organic field-effect transistors. Appl. Phys. Lett 90, 132106 (2007). 

22. Becerril, H.A., Roberts, M.E., Liu, Z., Locklin, J. & Bao, Z. High-performance organic 

thin-film transistors through solution-sheared deposition of small-molecule 

organic semiconductors. Adv. Mater. 20, 2588-2594 (2008). 

23. Lovinger, A.J.& Wang, T.T. Investigation of the properties of directionally solidified 

poly(vinylidene fluoride). Polymer 20, 725-732 (1979). 

24. Rogowski, R. Z. & Darhuber, A. A. Crystal growth near moving contact lines on 

homogeneous and chemically patterned surfaces. Langmuir 26, 11485-11493 
(2010). 

25. Sele, C. W. et al. Controlled deposition of highly ordered soluble acene thin films: 
effect of morphology and crystal orientation on transistor performance. Adv. Mater. 
21, 4926-4931 (2009). 

26. Rivnay, J. etal. Large modulation of carrier transport by grain-boundary molecular 
packing and microstructure in organic thin films. Nature Mater. 8, 952-958 
(2009). 

27. Park, S. K., Jackson, T. N., Anthony, J. E. & Mourey, D. A. High mobility solution 
processed 6,13-bis(triisopropyl-silylethynyl) pentacene organic thin film 
transistors. Appl. Phys. Lett. 91, 063514 (2007). 

28. Chen, J., Tee, C. K., Shtein, M., Anthony, J. & Martin, D. C. Grain-boundary-limited 
charge transport in solution-processed 6,13 bis(tri-isopropylsilylethynyl) 
pentacene thin film transistors. J. Appl. Phys. 103, 114512-114513 (2008). 


508 | NATURE | VOL 480 | 22/29 DECEMBER 2011 


29. Lee, S. S. et al. Controlling nucleation and crystallization in solution-processed 
organic semiconductors for thin-film transistors. Adv. Mater. 21, 3605-3609 
(2009). 

30. Ito, Y. et al. Crystalline ultrasmooth self-assembled monolayers of alkylsilanes for 
organic field-effect transistors. J. Am. Chem. Soc. 131, 9396-9404 (2009). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank A. Salleo, J. E. Anthony, H. Li, A. Sokolov and J. Rivnay for 
discussions. We thank J. E. Anthony and M. M. Nelson of 3M Corp. for providing 
high-purity TIPS-pentacene. This publication was partially supported by the National 
Science Foundation DMR-Solid State Chemistry (DMR-0705687-002), the Samsung 
Advanced Institute of Technology, the Global Climate and Energy Project at Stanford 
University (SPO 25591130-45282-A) and the Air Force Office of Scientific Research 
(award number FA9550-09-1-0256). E.V. thanks the Eastman Kodak Corporation 
Kodak Fellows Program for support. Z.B. acknowledges support from the David Filo and 
Jerry Yang Faculty Fellowship from Stanford University. Portions of this research were 
carried out at the Stanford Synchrotron Radiation Lightsource, a national user facility 
operated by Stanford University on behalf of the US Department of Energy, Office of 
Basic Energy Sciences. Any opinions, findings, and conclusions or recommendations 
expressed in this publication are those of the authors and do not necessarily reflect the 
views of Stanford University, the Sponsors of the Global Climate and Energy Project, or 
others involved with the Global Climate and Energy Project. 


Author Contributions G.G. and H.A.B. built the current version of the solution-shearing 
set-up. G.G. and EV. performed X-ray and transistor measurements. S.C.B.M. 
performed unit cell and molecular packing calculations. G.G., E.V., S.C.B.M., D.H.K., 
M.F.T. and Z.B. analysed the X-ray data. S.A-E. and A.A.-G. performed transfer integral 
calculations. G.G., E.V. and Z.B. wrote the manuscript, and all other authors had input. 
Z.B.and S.Y.L. directed the project. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of this article at 
www.nature.com/nature. Correspondence and requests for materials should be 
addressed to Z.B. (zbao@stanford.edu). 


©2011 Macmillan Publishers Limited. All rights reserved 


METHODS 

Materials. The TIPS-pentacene (received from 3M) was used without further 
purification. PTS and OTS were purchased from Sigma-Aldrich and used as 
received (storage under an argon atmosphere to prevent hydrolysis). Highly doped 
n-type silicon wafers (resistivity <0.005 Qcm) with a 300-nm thermally grown 
silicon oxide gate dielectric film (capacitance of the gate dielectric per unit area, 
Cox = 10nF cm *) were used as the substrates for TFT fabrication and GIXD. 
Substrate preparation and characterization. The silicon wafers were cleaned ina 
Piranha solution (70/30 vol./vol. H,SO4/H20,; a highly oxidative solution) for 
25 min. The bottom device substrate (2 X 2 cm?) was treated with PTS to ensure 
proper wetting for the TIPS-pentacene solution and to reduce surface charge traps. 
PTS treatment was accomplished by immersing the Piranha-cleaned wafer into a 
toluene solution of PTS (3 wt%) and heated at 90°C for 15h. The substrate was 
subsequently removed from PTS solution and was sonicated for 2 min in toluene. 
It was then gently wiped with a sponge tip and rinsed sequentially with toluene, 
acetone and isopropanol. The water contact angle of the PTS treated surface 
ranged from 72° to 74°. The typical roughness (root mean square) of the surface 
was 0.3-0.5 nm. 

For the top shearing plate, a silicon wafer with 300-nm thermally grown oxide 
was treated with a monolayer of OTS according to a method we published previ- 
ously for forming a highly hydrophobic crystalline OTS monolayer”**°. The OTS 
treatment is important to ensure deposition of TIPS-pentacene only on the bottom 
PTS-treated substrate. The water contact angle of the OTS modified surface ranged 
between 102° and 104°, and the roughness of the surface ranged between the root- 
mean-square value of 0.2 nm and 0.5 nm. 

Solution shearing of TIPS-pentacene films. The TIPS-pentacene solution was 
prepared at a concentration of 8 mg ml ' in toluene. Both the device substrate and the 
shearing plate were held in place by vacuum while the device substrate was mounted 
on a resistively heated stage (a thermoelectric module from Custom Thermoelectric) 
held at 90°C. After placing about 40 ulcm™* of TIPS-pentacene solution on the 
device substrate, the shearing plate was lowered with a micromanipulator to make 
contact with the solution. The device substrate was horizontal while the shearing plate 
was placed at a tilt angle of 8° from the horizontal. The gap distance (d, shown in 
Supplementary Fig. 1) between the device substrate and the shearing plate was fixed at 
100 jum. The shearing plate was translated at different velocities by a stepper motor. 
The resulting sheared film was left on the heating stage for 2-3 min at 90 °C to remove 
residual solvent. 

Solution-sheared film characterizations. The solution-sheared films were 
characterized using a cross-polarized optical microscope (Leica DM4000M). 
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Thickness measurements were performed with a Dektak 150 profilometer, pur- 
chased from the Veeco Metrology Group. Tapping-mode atomic force microscopy 
was performed using a Multimode Nanoscope III (Digital Instruments/Veeco 
Metrology Group). 

GIXD was performed at the Stanford Synchrotron Radiation Lightsource on 
beamlines 2-1, 7-2 and 11-3. On the 11-3 beamline, a photon energy of 12.73 keV 
was used, and the scattering intensity was recorded on a two-dimensional image 
plate (MAR-345) with a pixel size of 150 um (2,300 X 2,300 pixels), located at a 
distance of 400 mm from the sample centre. The distance between the sample and 
the detector was calibrated using a LaBg polycrystalline standard. The incidence 
angle was chosen in the range 0.10°-0.12°. The beam size was 50 tm X 150 tm, 
which resulted in a beam exposure on the sample 150 um wide over the entire 
length of the 10-mm sample. The data was distortion-corrected (theta-dependent 
image distortion introduced by planar detector surface) before performing quanti- 
tative analysis on the images. Numerical integration of the diffraction peak areas 
was performed with the software WxDiff”. The overall resolution in the GIXD 
experiments, dominated by the sample size, was about 0.01 A !. The photon 
energy on beamlines 2-1 and 7-2 was 8keV. Beamline 2-1 was used for high- 
resolution specular scanning with a point detector. Analysis software included 
Origin (from Microcal) and GSAS (Rietveld analysis). Beamline 7-2 was used 
for high-resolution grazing incidence scans, and uses a Huber high-resolution 
diffractometer. 

The electrical characterization was performed on bottom-gate, top-contact field 
effect transistors created by thermally evaporating 40-nm gold source and drain 
electrodes on the solution-sheared samples through a shadow mask. All field effect 
transistors were fabricated and tested in ambient conditions, with exposure to light 
and air. The devices were stored in the dark under vacuum. The electrical char- 
acteristics of the TIPS-pentacene films were measured using a Keithley 4200-SCS 
semiconductor parameter analyser. Transfer characteristics (Ips as a function of 
Vg where Ipg is the source-drain current and V<g is the gate voltage) were tested 
for each transistor, and output characteristics (Ips as a function of Vp at various 
gate voltages, where Vp is the drain voltage) were measured for representative 
transistors. The Ips-Vp curves were collected with Vg increasing from — 100 V to 
0 V and with Vp sweeping from 0 V to — 100 V. The Ips-Vg curves were collected 
with Vg decreasing from 50V to —100V at a constant Vp of —100V. The 
saturation mobility 4 was extracted from the slope of the transfer curve Vg- 
VIps, where Ips = HWCox(VG - Vr)?/2L, where W (=1,000 jum) and L (=50 pm) 
are the channel width and length, respectively, C,,. is the capacitance of the gate 
dielectric per unit area, and V+ is the threshold voltage. 
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Forcing of wet phases in southeast Africa over the 


past 17,000 years 


Enno Schefu&!, Holger Kuhlmann’, Gesine Mollenhauer’?, Matthias Prange’ & Jiirgen Patzold' 


Intense debate persists about the climatic mechanisms governing 
hydrologic changes in tropical and subtropical southeast Africa 
since the Last Glacial Maximum, about 20,000 years ago. In par- 
ticular, the relative importance of atmospheric and oceanic pro- 
cesses is not firmly established’*. Southward shifts of the 
intertropical convergence zone (ITCZ) driven by high-latitude 
climate changes have been suggested as a primary forcing”’, 
whereas other studies infer a predominant influence of Indian 
Ocean sea surface temperatures on regional rainfall changes*”*. 
To address this question, a continuous record representing an 
integrated signal of regional climate variability is required, but 
has until now been missing. Here we show that remote atmospheric 
forcing by cold events in the northern high latitudes appears to 
have been the main driver of hydro-climatology in southeast Africa 
during rapid climate changes over the past 17,000 years. Our 
results are based on a reconstruction of precipitation and river 
discharge changes, as recorded in a marine sediment core off the 
mouth of the Zambezi River, near the southern boundary of the 
modern seasonal ITCZ migration. Indian Ocean sea surface 
temperatures did not exert a primary control over southeast 
African hydrologic variability. Instead, phases of high precipita- 
tion and terrestrial discharge occurred when the ITCZ was forced 
southwards during Northern Hemisphere cold events, such as 
Heinrich stadial 1 (around 16,000 years ago) and the Younger 
Dryas (around 12,000 years ago), or when local summer insolation 
was high in the late Holocene, that is, during the past 4,000 years. 

Climate changes reconstructed from sediments in Lake Malawi, the 
southernmost of the East African great lakes and located within the 
Zambezi catchment, point to arid conditions and strong northerly 
wind anomalies during Northern Hemisphere cold events, such as 
the Younger Dryas*’. It has been inferred that these periods represent 
southward shifts of the ITCZ***. Dry conditions during the Younger 
Dryas and Heinrich stadial 1 (HS1) in Lake Tanganyika, located closer 
to the Equator in East Africa, were interpreted to have been caused by 
lowered Indian Ocean sea surface temperature* (SST). Recently, wide- 
spread drought conditions during HS1 in East Africa have similarly 
been suggested to be driven by cold conditions in the Indian Ocean’. 
Such interpretations are based on meteorological observations that 
modern rainfall in eastern and southern Africa is strongly related to 
high SST in the western and southwestern Indian Ocean, respectively’. 
In contrast, Lake Chilwa—located southeast of Lake Malawi—recorded 
high-stands, which appear to be solely associated with Northern 
Hemisphere cold events®. Further westward in the interior of sub- 
tropical southern Africa, palaeo-environmental information is sparse. 
Age dating of dunes in western Zambia and western Zimbabwe points 
to dry conditions at 18,000-17,000, 15,000-14,000, 11,000-8,000 and 
6,000-4,000 years before present (yr Bp; ref. 9), implying that non- 
dune-building periods around 16,000yr Bp and from 13,000 to 
12,000 yr Bp roughly correspond to the wet periods found at Lake 
Chilwa’. Palaeo-shorelines and other geomorphologic evidence from 
the Central Kalahari point to the existence of an extended lake system 


around the time of HS1 and around 8,500 yr Bp, with evidence for the 
existence of smaller lakes around the time of the Younger Dryas". It 
thus appears that the climatic history of subtropical southern Africa is 
complex, and the importance of the various potential climatic forcing 
mechanisms remains unresolved. 

To provide more insights into the climatic forcing of hydrology 
and land-ocean linkages in southeast Africa, we present a reconstruc- 
tion of precipitation changes in the Zambezi catchment and its sedi- 
mentary discharge fluctuations in conjunction with SST estimates of 
the southwest Indian Ocean. The Zambezi catchment is located at the 
southern boundary of the present-day seasonal ITCZ migration, and is 
thus ideally suited to have recorded past changes in its southward 
extension. Under modern conditions, austral summer rainfall asso- 
ciated with the ITCZ extends to 15-20°S (ref. 6; Fig. 1a, b). A low- 
pressure cell forms over southern Africa during summer; it attracts 
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Figure 1 | Modern atmospheric circulation over southern Africa during 
Southern Hemisphere summer, summer rainfall and vegetation types. 

a, Schematic representation of the atmospheric circulation over southern Africa 
during austral summer (December, January, February; DJF) with approximate 
position of the ITCZ and the Congo Air Boundary (CAB). Indicated are: the 
main course of the Zambezi River (blue), the Zambezi catchment (grey) and the 
location of GeoB9307-3 (red diamond). Filled red circles indicate locations of 
other records discussed in the text: (1) Lake Malawi’, (2) Lake Tanganyika’, (3) 
Lake Chilwa’, (4) dunes in Zambia and Zimbabwe’, and (5) palaeo-shorelines 
in the Kalahari’. b, Austral summer (DJF) rainfall for the period 1950-99 
(University of Delaware data set; http://www.esrl.noaa.gov/psd/data/gridded/ 
data.UDel_AirT_Precip.html). Outline of the Zambezi catchment in white and 
main course of the Zambezi River in blue. c, Modern-day vegetation type 
distribution’, shown as percentage of C, plants. White areas are either >95% 
C, or not vegetated. Zambezi catchment and Zambezi River as in b. Colour 
scale as in d. Black box indicates the area shown in d. d, Map of the relative Cy 
plant abundance’ in the lower Zambezi catchment. White areas are not 
vegetated. White box indicates the location of the lower Zambezi floodplain. 
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moisture from the tropical Atlantic by tropical westerly air flow, and 
from the Indian Ocean by easterly air flow®. Atlantic moisture influ- 
ences are restricted to the highlands south of the Congo basin, sepa- 
rated by the Congo Air Boundary from the majority of subtropical 
southern Africa that receives moisture from the Indian Ocean". 
During austral winter, a high-pressure system over southern Africa 
leads to dry conditions, except in a small winter rainfall zone at its 
southwestern tip®. The Zambezi River is the fourth-largest river in 
Africa, originating in Zambia and flowing southeastward to the 
Indian Ocean. The upper Zambezi is separated from its lower part 
by the Victoria Falls. After flowing through a series of gorges, the river 
enters a broad valley and spreads out over a large floodplain in its lower 
part. About 150 km from the coast, the catchment narrows where the 
river flows through the eastern Rift mountains. Maximum rainfall in the 
catchment during the peak of the southward ITCZ migration occurs in 
this area’* (Fig. 1b), periodically causing extensive flooding’’. The flood- 
plain is dominated by papyrus swamps (dominated by Cyperus papyrus, 
a Cy, plant) with a lower importance of reed swamps (Phragmites and 
Typha, C3 plants)'*. The Cy plant dominance in the lower Zambezi 
floodplain is seen in the relative abundance of C, plants’ (Fig. 1c, d). 
Downstream from the Rift mountains, the Zambezi splits up into a flat 
and wide delta’*. Woodlands, savannah and extensive mangrove forests 
(C; plants) vegetate the delta and coastal areas". 

The 6.51-m-long marine sediment core GeoB9307-3 (18° 33.9’ S, 
37° 22.8' E, 542m water depth) was retrieved about 100 km off the 
Zambezi delta. The core location is in the zone of high deglacial- 
Holocene sedimentation of material discharged by the Zambezi 
River’. The chronology of the core is established by 19 '*C AMS 
(accelerator mass spectrometry) dates on mixed planktonic foraminifera 
(Supplementary Table 1). On the basis of this chronology, the core 
covers the past 17,000 years. The average time resolution between the 
125 samples is 130 years. For the time periods of HS1 and the Younger 
Dryas, we detect large increases in sedimentary terrestrial versus 
marine elemental ratios (Fig. 2b), in relative soil organic matter con- 
tributions’” (branched and isoprenoid tetraether (BIT) index, Fig. 2c), 
and in sedimentary concentrations of terrestrial-plant-derived long- 
chain n-alkanes (Fig. 2d), indicating enhanced terrestrial discharge by 
the Zambezi River. The elevated concentrations of n-alkanes indicate 
sustained vegetation cover during HS1 and the Younger Dryas, and 
decreases of soil pH estimates during these intervals (Supplementary 
Fig. 4) suggest higher rainfall as primary cause. For all these para- 
meters, a slight increase is also detected for the late Holocene compared 
to the early Holocene. Comparison to records from Lake Malawi** 
suggests that the rainfall maximum associated with the ITCZ shifted 
southward of the Malawi basin during HS1 and the Younger Dryas, 
causing arid conditions at Lake Malawi while increasing rainfall in the 
lower Zambezi catchment. The stronger increases in these discharge- 
related parameters during the Younger Dryas and HS1 compared to 
the late Holocene points to the influence of sea-level changes. Sea level 
was reduced during the last deglaciation’, resulting in a more proximal 
location of the Zambezi outflow to the core site. 

In order to investigate the continental hydrologic changes without 
the influence of sea-level changes, we analysed the hydrogen isotope 
composition of lipid biomarkers derived from higher plants. 
Hydrogen isotope compositions of the n-C3, alkane range from 
—136%0 to —164%o (relative to the VSMOW standard), showing 
depleted values from 16,950 to 14,700 yr BP, corresponding to the 
period of HS1, and from 12,800 to 11,350yr Bp, representing the 
Younger Dryas period (Fig. 2e). The most enriched values are found 
in the early Holocene, followed by a gradual decline towards the late 
Holocene that is interrupted by several short-term excursions to more 
enriched values. The n-C3, alkane derives from the protective wax 
coating of leaves of terrestrial higher plants'’. Its hydrogen isotope 
composition reflects changes in the isotopic composition of precipita- 
tion, with potential enrichment due to evaporation from soils and 
evapo-transpiration from leaves”, which amplify the recorded signal 
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Figure 2 | Records of environmental variability in southeastern Africa over 
the past 17,000 years. a, Oxygen isotope changes in NGRIP ice core”*, mainly 
reflecting northern high-latitude temperature changes. b, Fe/Ca ratio, indicating 
terrestrial versus marine elemental contributions to sediments of GeoB9307-3. 
c, BIT index of GeoB9307-3, reflecting changes in relative soil organic matter 
contribution. d, Concentrations of long-chain, odd-numbered n-alkanes (n-C,5 
to n-C;5) in the sediments of GeoB9307-3. e, Hydrogen isotope compositions of 
the n-C;, alkane in GeoB9307-3, reflecting rainfall changes in the Zambezi 
catchment. Error bars based on replicate analyses are shown in Supplementary 
Fig. 1. f, Stable carbon isotope compositions of n-C3, alkanes in GeoB9307-3, 
indicating relative contribution changes from the lower Zambezi floodplain. 
Error bars based on replicate analyses are shown in Supplementary Fig. 2. 

g, Long-term insolation changes over southern Africa (20° S$) during Southern 
Hemisphere summer (DJF). h, TEXgo-derived SST record from GeoB9307-3, 
reflecting ocean temperature changes in the southwest Indian Ocean. Vertical 
grey bars indicate intervals of Heinrich Stadial 1 (HS1) and the Younger Dryas 
(YD). Black triangles indicate '‘C AMS ages. 


under arid conditions”’. In monsoonal regions, depleted isotopic com- 
positions of precipitation are indicative of changes in the amount of 
rainfall”. These data suggest that changes in rainfall amount caused 
the discharge pulses detected for the Younger Dryas and HS1. 
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Comparison of the 6D values of the long-chain plant-waxes with their 
stable carbon isotope (5'°C) compositions reveals that sedimentary 
n-alkanes with depleted 5D values show a stronger C, plant signal 
and vice versa (Fig. 2f). As C, plants are usually more drought-tolerant 
than C; plants”, this correlation is unexpected. Although long-term 
vegetation changes are not ruled out (see Supplementary Informa- 
tion), the strong coherence of both isotopic signals rather points to a 
shift in source area associated with the hydrologic changes as the 
primary cause for the observed relation. We infer that when maximum 
rainfall and flooding occurs in the floodplain, as under modern-day 
conditions, more C,-plant-derived waxes are exported to the ocean, as 
reflected in the core-top isotopic signature (Figs 1d, 2e). Under more 
arid conditions, such as during the early Holocene, the export of C4- 
plant-derived lipids from the floodplain was diminished, and only low 
amounts of predominantly C3-plant-derived waxes from near-coastal 
vegetation were exported. We thus deduce that the terrestrial signal in 
core GeoB9307-3 is predominantly derived from the lower Zambezi 
catchment, dominated by changes in relative contributions from the 
floodplain. Aeolian transport of terrigenous material from subtropical 
southern Africa towards the southwest Indian Ocean is negligible, 
owing to the prevailing easterly winds’. 

Part of the signal seen in the 6D record may thus derive from the 
changes in relative contributions from different vegetation types, seen in 
the C;/C, changes (see, for example, ref. 24). Although we cannot com- 
pletely rule out this possible effect, the evidence provided by the other 
parameters (Fe/Ca ratio, BIT index, n-alkane concentrations, soil pH 
estimates) indicates that the depleted 5D values during HS1, the 
Younger Dryas and the late Holocene indeed reflect increased precipita- 
tion in the lower Zambezi catchment. 

The long-term trends in the 5D and 8'°C records correlate with 
mean summer insolation (Fig. 2g) over southern Africa”: higher 
insolation intensifies atmospheric convection, leading to higher 
rainfall over that region”’. For Heinrich events, modelling results indi- 
cate an increase of precipitation associated with isotopically depleted 
rainfall over southern Africa’, consistent in magnitude with the iso- 
topic changes detected for HS1. A detailed comparison of the plant- 
wax isotopic changes with the oxygen isotope changes in the NGRIP 
ice core** (Fig. 3), which reflect northern high-latitude temperature 
changes, reveals a synchronous onset and end of the Younger Dryas 
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Figure 3 | Detailed comparison of Greenland climate changes with 
hydrologic variations in the Zambezi catchment during the last 
deglaciation. Greenland temperature changes reflected in oxygen isotope 
compositions (blue) of the NGRIP ice core** compared to hydrogen isotope 
changes of the n-C;, alkane in sediments of GeoB9307-3 reflecting rainfall 
changes in the Zambezi catchment (black, note inverted scale). Deviations in 
amplitudes are partly due to modulation of rainfall intensity by local insolation 
(Fig. 2g). Grey bars and black triangles as in Fig. 2. Error bars based on replicate 
analyses are shown in Supplementary Fig. 1. 
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and a synchronous end of HS1. This synchronicity supports our con- 
clusion that the plant waxes are not transported over long distances. As 
suggested by other studies*"°, rainfall during HS1 and the Younger 
Dryas probably also increased in the western parts of the Zambezi 
catchment. However, plant waxes derived from these more inland 
parts would carry a much more depleted 5D signal due to increased 
moisture rainout during long-distance transport”. We thus infer that 
long-distance transport of plant waxes by the Zambezi River is of 
minor importance. Furthermore, the detected synchronicity of iso- 
topic changes suggests a direct forcing of southeast African wet phases 
by Northern Hemisphere cold events, and points to a large-scale atmo- 
spheric teleconnection (see, for example, ref. 30). It is likely that per- 
sistent cold conditions in the Northern Hemisphere forced the ITCZ to 
a more southerly position during these events. The deviations in the 
amplitudes of isotopic changes of the ice core and the plant waxes 
during HS1 (Fig. 3) are probably explained by the modulation of 
rainfall intensity by local insolation. 

In order to evaluate the effect of southwest Indian Ocean SST changes 
on continental hydrology, we compare the terrestrial records to a 
TEXgo6-based SST record from GeoB9307-3 (Fig. 2h). The TEXg¢ index 
reflects distributional variations in membrane lipids from marine 
Thaumarchaeota, related to ocean temperature (see Supplementary 
Information). The high BIT values in part of the record did not lead 
to a substantial bias in SST estimates (see Supplementary Information). 
The SST record shows warm conditions during the Younger Dryas, 
but does not indicate similarly warm conditions during HS1. 
Moreover, the timing of SST changes does not correspond to the 
observed hydrologic changes. Therefore, we suggest that sufficiently 
warm conditions in the southwest Indian Ocean may have been an 
important pre-condition for southward movements of the ITCZ and 
the supply of moisture, but that rainfall changes in the Zambezi 
catchment over these timescales were not primarily driven by these 
SSTs. We find no evidence for drought conditions in southeast Africa 
during HS1 driven by cold conditions in the Indian Ocean’. 

In summary, we conclude that rainfall and discharge changes in the 
Zambezi catchment result from a combination of local insolation and 
latitudinal ITCZ shifts, with the latter being directly forced by high- 
latitude climate changes in the Northern Hemisphere. SST changes in 
the southwest Indian Ocean appear not to be the primary forcing of 
past hydrologic changes, but may be an important prerequisite for 
such changes. 


METHODS SUMMARY 


Element intensities were measured at 1 cm resolution using a XRF-I core scanner 
at MARUM, University of Bremen. The central sensor unit is equipped with a 
molybdenum X-ray source (3-50 keV), a Peltier-cooled PSI detector with a 
125 um beryllium window, and a multichannel analyser with 20 eV spectral reso- 
lution. XRF (X-ray fluorescence) data for this study were collected over a 1 cm” 
area using 30s count time, and conditions of 20 kV and 0.087 mA for the X-ray 
source. 

Sediments were extracted with a Dionex accelerated solvent extractor using 
dichloromethane:methanol (9:1; v/v). Saturated hydrocarbon fractions were 
obtained using silica column chromatography by elution with hexane and sub- 
sequent elution over AgNO;-coated silica. Squalane was added before extraction 
as an internal standard. Hydrogen isotope compositions of lipids were analysed on 
a Trace gas chromatograph coupled via a pyrolysis reactor to a MAT 253 mass 
spectrometer. Isotope values were measured against calibrated H2 reference gas. 
SD values are reported in %o versus VSMOW. Further technical information is 
provided in Supplementary Information. 

Compound-specific stable carbon isotope values were analysed on a Trace gas 
chromatograph coupled via a combustion reactor to a MAT 252 mass spectro- 
meter. Isotope values were measured against calibrated CO, reference gas. 5'°C 
values are reported in %o versus VPDB. Further technical information is provided 
in Supplementary Information. 

Polar fractions of the total lipid extracts eluted from silica columns with dichlor- 
omethane:methanol (1:1; v/v) were filtered through a 4-1m pore size PTFE filter 
and dissolved in hexane/isopropanol (99:1; v/v) before analysis by high perform- 
ance liquid chromatography/atmospheric pressure chemical ionization—mass 
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spectrometry (HPLC/APCI-MS). An Agilent 1200 series HPLC/APCI-MS system 
equipped with a Grace Prevail Cyano column (150 mm X 2.1 mm;3 |1m) was used, 
and separation was achieved in normal phase. 
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Lowland-upland migration of sauropod dinosaurs 
during the Late Jurassic epoch 


Henry C. Fricke', Justin Hencecroth! & Marie E. Hoerner'+ 


Sauropod dinosaurs were the largest vertebrates ever to walk the 
Earth, and as mega-herbivores they were important parts of terrestrial 
ecosystems. In the Late Jurassic-aged Morrison depositional basin 
of western North America, these animals occupied lowland river- 
floodplain settings characterized by a seasonally dry climate’. 
Massive herbivores with high nutritional and water needs could 
periodically experience nutritional and water stress under these 
conditions, and thus the common occurrence of sauropods in this 
basin has remained a paradox. Energetic arguments and mam- 
malian analogues have been used to suggest that migration allowed 
sauropods access to food and water resources over a wide region or 
during times of drought or both**, but there has been no direct 
support for these hypotheses. Here we compare oxygen isotope 
ratios (5'°O) of tooth-enamel carbonate from the sauropod 
Camarasaurus with those of ancient soil, lake and wetland (that 
is, ‘authigenic’?) carbonates that formed in lowland settings. We 
demonstrate that certain populations of these animals did in fact 
undertake seasonal migrations of several hundred kilometres from 
lowland to upland environments. This ability to describe patterns of 
sauropod movement will help to elucidate the role that migration 
played in the ecology and evolution of gigantism of these and asso- 
ciated dinosaurs. 

Inferring the behaviour of ancient organisms is difficult, but geo- 
chemical information preserved in their fossil remains can provide 
such an opportunity. This study of sauropod dinosaur behaviour relies 
on the fact that 5'8O values of surface waters (5'°O,g for example 
streams, lakes) vary significantly over any given landscape in response 
to differences in aridity and elevation among other environmental 
factors’®. Authigenic carbonates (CaCO3) form in basin soils, lakes 
and wetlands, and record the oxygen isotopic characteristics of these 
host isotopic domains when they precipitate. Similarly vertebrate tooth 
enamel (bioapatite Ca,(PO,, CO3)3(OH, CO3)) records the oxygen 
isotope characteristics of the surface water reservoirs that serve as their 
drinking water”*. If 5'°O.¢ inferred from ‘non-migratory’ authigenic 
carbonates and from dinosaur tooth enamel differ, then it can be 
concluded that dinosaurs were drinking water that fell outside the 
basin and thus they travelled outside it. 

To use this approach we analysed enamel carbonate from teeth 
(n = 32) of Camarasaurus sp. and Camarasaurus lentus collected at 
Thermopolis, Wyoming, and Dinosaur National Monument, Utah 
(DNM), respectively (Fig. 1a). Palaeosol and lacustrian carbonates 
were also analysed from DNM (n = 38; see Supplementary Informa- 
tion for details on methods and statistics). In addition, we used pub- 
lished 5'°O data obtained from a variety of authigenic carbonates 
found over the entire Morrison basin including the Thermopolis 
area’ ’*, Comparisons of isotopic data from co-occurring authigenic 
carbonates and tooth enamel, from tooth-enamel carbonate and 
tooth-enamel phosphate, and from single teeth indicate that primary 
palaeobiological information is preserved in tooth enamel (see 
Supplementary Information for more details about diagenesis). 

To estimate 5'°O.rusing dinosaur tooth enamel, it is assumed that they 
fractionated oxygen isotopes in a manner similar to all water-dependent 


vertebrates studied so far, including birds, mammals and reptiles’®. 
To estimate 5'°Oy using authigenic carbonate, it is assumed that 
oxygen isotope fractionation occurred at 24 °C, a temperature consist- 
ent with modelled mean annual temperature for the region’’ (see 
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Figure 1 | Fossil localities, inferred oxygen isotope ratios of surface water 
and possible Camarasaurus migration routes. a, Palaeogeography of western 
North America during late Jurassic/Morrison time (after refs 2, 9), including 
fossil localities and one hypothetical migration route. b, 5'°O,+ estimated using 
tooth enamel (reds) and authigenic carbonates (greens; Thermopolis data from 
ref. 11; all-basin data from refs 9, 10, 12). See text and Supplementary 
Information for details. 
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Figure 2 | Oxygen isotope ratios of serial enamel samples compared with 
position relative to the base of the tooth for ten different teeth from DNM. 
Teeth form incrementally such that the oldest enamel is at the tip and the 
youngest enamel is at the base (see inset). Most teeth are characterized by a 


Supplementary Information for details about estimates of 5180,,). 
Although 5'°O,; inferred for all authigenic carbonates have relatively 
high and limited 35180 values, those inferred for Camarasaurus have 
significantly different means and variances (Supplementary Tables 
1-3). Most importantly, they preserve a record of the lowest 8'°O.¢ 
of all carbonates analysed from the Morrison basin (Fig. 1b). 

3180, values inferred from Camarasaurus that overlap with those 
from authigenic carbonates are consistent with these animals spending 
time in the fluvial and wetland environments of the basin. In contrast, 
lower 5'°O of surface water and precipitation (8'°O,¢ < approximately 
—9%o) implied by a large proportion of Camarasaurus teeth indicates 
that they occupied non-basinal settings. Low 5'*O,¢values result from 
the preferential rainout of 180 from air masses as they rise, cool and 
lose water while crossing topographic barriers such as volcanic high- 
lands west of the basin (Fig. 1a). Thus, they indicate that animals from 
both DNM and Thermopolis were drinking water from these high- 
elevation regions. Although it is possible that ‘extra-basinal’ high- 
elevation waters could flow into lakes and rivers located in the basin 
proper, the fact that lake and wetland carbonates do not have low 5'°O 
indicates that such recharge did not have a major influence on 8'*O,¢in 
the basin (Fig. 1b). Therefore Camarasaurus populations in these areas 
must have directly occupied high-elevation regions for at least part of the 
year before returning to the basin where they died. To do so, these animals 
must have migrated approximately 300 km in each direction based on 
palaeogeographical reconstructions for the Late Jurassic”?(Fig. 1a). 

Patterns in 5'*O obtained from single teeth provide evidence that 
this migration was seasonal in nature. Because vertebrate teeth, includ- 
ing those of dinosaurs“, form incrementally, sequential sampling 
along the length of a tooth provides a record of 5'*O,¢ingested during 
the time of tooth formation'®”. Intra-tooth variations in 5'8O, 
inferred from camarasaurid teeth of a single DNM C. lentus skull 
(see Supplementary Information) appear to capture slightly less than 
half of the sinusoidal cycle that is expected for a single year'*”’, thus 
indicating that these teeth formed over approximately 4-5 months 
(Fig. 2). The specific pattern in 580g implies that this animal moved 
out of the basin into highland regions over the period of tooth forma- 
tion, yet the teeth are found in the basin. Such a situation is possible 
because tooth enamel does not provide an instantaneous record of 
ingested 5'*O,g rather, there is a temporal lag associated with the 
turnover of oxygen in the body. This lag is of the order of 2 weeks 
for small mammals"*, and although the length of time is unknown for 
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gradual decrease in oxygen isotope ratios over time. Tooth DNM 36 is unworn 
and thus preserves the longest temporal record (approximately 4-5 months), 
whereas records from other worn teeth are truncated to various degrees. 


sauropod dinosaurs it cannot have been longer than several weeks to a 
month, otherwise seasonal variations would be obscured altogether. 
Thus, over 5-6 months, this individual left the basin for the highlands 
and then returned to the DNM area. 

Assuming that Camarasaurus migrated in an effort to obtain the 
food and water they needed to survive, they would have left the basin 
during the dry season (presumably summer”’) when plant growth was 
limited and drought might have been common, and then returned in 
the wet season (presumably winter'’). The fact that the DNM C. lentus 
died before preserving a record of basin 3'8O,¢ in its tooth enamel 
suggests that it was recently returned, and that it died during the trans- 
ition from the dry to wet season. The similarity in bulk 8'*O among 
DNM teeth from other individuals suggests that other Camarasaurus 
from DNM exhibited similar behaviour. Without well-constrained 
intra-tooth data from Thermopolis is it not possible to describe 
Camarasaurus migrational patterns in as much detail in this area. 
However, the fact that 5'°O,- inferred from Thermopolis are generally 
higher than those from DNM (Fig. 1b) could mean that the 
Thermopolis teeth captured a different part of the seasonal cycle in 
5'°O.¢ and thus might have died during a different time of the year, 
that Thermopolis teeth grew during different year(s), or that these 
animals visited a different (possibly lower elevation) part of the 
western highlands. 

Overall, the research presented here provides strong support for the 
hypothesis that Camarasaurus could undertake long seasonal migra- 
tions. It does not, however, imply that they must have done so. 
Ongoing studies of other Camarasaurus populations and of other 
sauropods living in different areas will allow us to determine if migra- 
tions were a universal characteristic of these animals, or whether it was 
a behavioural response to environmental stress. In turn it will be 
possible to address the role that migration might have played in the 
evolution of sauropod gigantism. 
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Additive threats from pathogens, climate and 
land-use change for global amphibian diversity 


Christian Hof’, Miguel B. Aratjol°, Walter Jetz* & Carsten Rahbek! 


Amphibian population declines far exceed those of other verte- 
brate groups, with 30% of all species listed as threatened by the 
International Union for Conservation of Nature’°. The causes of 
these declines are a matter of continued research, but probably 
include climate change, land-use change and spread of the patho- 
genic fungal disease chytridiomycosis’*°. Here we assess the spatial 
distribution and interactions of these primary threats in relation to 
the global distribution of amphibian species. We show that the 
greatest proportions of species negatively affected by climate 
change are projected to be found in Africa, parts of northern 
South America and the Andes. Regions with the highest projected 
impact of land-use and climate change coincide, but there is little 
spatial overlap with regions highly threatened by the fungal disease. 
Overall, the areas harbouring the richest amphibian faunas are dis- 
proportionately more affected by one or multiple threat factors than 
areas with low richness. Amphibian declines are likely to accelerate 
in the twenty-first century, because multiple drivers of extinction 
could jeopardize their populations more than previous, mono- 
causal, assessments have suggested. 

Amphibians are experiencing population declines in all regions of the 
world*®. Causes for this global decline have been identified. Among the 
highest ranking threats are anthropogenic land-use changes, leading to 
habitat destruction and fragmentation, and the fatal disease chytridio- 
mycosis, which is caused by the chytrid fungus Batrachochytrium 
dendrobatidis. Other threats include climate change, which may inter- 
act with chytridiomycosis, environmental pollution, direct exploitation 
for the food, medicine and pet trades, increase in ultraviolet-B 
irradiation due to anthropogenic ozone depletion, and the spread of 
invasive species*”. 

Many studies have assessed how these threats affect amphibian 
populations and how they may interact at local and regional scales”""°. 
Recent assessments have used bioclimatic envelope models to project 
climate change impacts on amphibian diversity on a continental 
scale’?’?, Attempts have also been made to assess the relative import- 
ance of different threats for large groups of species'*"*, but not in a 
spatially explicit way. Several hypotheses have suggested that there 
may be interactions of chytridiomycosis with land-use change’* and 
climate change’, yet no final consensus has been reached'®!’. 
Preliminary models of the global geography of chytridiomycosis under 
climate change have been provided”, but an integrative, analytical, 
spatially explicit assessment at a global scale of the spatial interactions 
of the most severe threats is urgently needed. 

Using a nearly complete global data set of 5,527 amphibian species, 
we elucidate how the spatial interaction at the global scale of three 
important threats (climate change, chytridiomycosis and land-use 
change, see Methods) could affect global amphibian diversity between 
a baseline period (1980) and late in the present century (2080). Threat 
from future climate change was estimated as the proportion of species 
locally losing climatic suitability (‘climate losers’) per area, as given by 
species-specific bioclimatic models (see Methods). Because the spatial 


distribution of species richness varies considerably among the three 
amphibian orders Anura (frogs and toads, ‘frogs’ hereafter), Caudata 
(salamanders and newts, ‘salamanders’) and Gymnophiona (‘caecilians’) 
(Fig. la), we conducted climate change analyses separately for each 
group. Threat from chytridiomycosis was quantified as the future 
probability of occurrence of B. dendrobatidis from a bioclimatic model 
projection’’”. Lastly, estimates of future land-use change (that is, 
changes from natural to human-encroached land cover) were based 
on the projections of the Millennium Ecosystem Assessment'*””. 

The three major global threats to amphibians exhibit characteristic, 
yet disparate geographic patterns (Fig. 1b-d). For frogs, regions with a 
high projected impact of climate change (regions where high propor- 
tions of climate losers in 2080 coincide with a high level of species 
richness) are the northern Andes and parts of the Amazon and the 
Cerrado in South America, large areas of sub-Saharan tropical Africa, 
anda small region in South East Asia (Fig. 1b and Supplementary Fig. 1a). 
In the northern Andes, which harbour the greatest frog diversity world- 
wide, the proportion of probable climate losers reaches 166 species 
(73% of the local frog fauna). Globally, the proportion of frogs likely 
to become climate losers measured as average per grid cell is 54% 
(+ 10% (standard deviation, s.d.)). For salamanders, western North 
America, northern Central America and southern and south-eastern 
Europe are the regions projected to be most heavily affected by climate 
change, as are some areas in northern South America for caecilians 
(Fig. 1b). In several areas of Central America, up to 21 species (66% of 
the local salamander fauna) are projected to lose climatic suitability 
(global mean ~56% + 15% s.d.) (Fig. 1b). The regions with the highest 
projected probability of occurrence of chytridiomycosis are located in 
mostly temperate climates as well as mountainous and coastal regions 
(Fig. 1c). Areas with high projected land-use change are mainly found 
in tropical Central and South America, tropical Africa and montane 
parts of central and southern Asia (Fig. 1d). 

Geographic coincidence in the intensity of the three types of threat is 
highly uneven and varies strongly among the three amphibian orders 
(Figs 1b-d and 2). Within the range occupied by frogs, the spatial 
overlap between the top 25% affected grid cells for the three threat 
types is small: 6.1% of these cells (out of a 25% possible) overlap for 
chytridiomycosis and climate change, 9.1% for climate change and 
land-use change and 8.6% for chytridiomycosis and land-use change 
(Figs 2 and 3; see Supplementary Table 1 for sensitivity analyses and 
spatial null model tests of overlap; see also Methods and Supplemen- 
tary Methods for further details). The small degree of overlap between 
areas of highest impact from chytridiomycosis and climate change 
arises because of the strong association of B. dendrobatidis with humid 
and cool conditions found in temperate regions*! and cool tropical 
high mountains, whereas the negative impacts from climate change 
are more prominent in the warm and wet tropics (see Fig. la). For 
salamanders, the comparable figures for spatial overlap are 12.2%, 
4.6% and 10.0%, respectively (Fig. 3 and Supplementary Table 1). 
Globally, more than half of the distributional area of each of the three 
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Figure 1 | Current amphibian species richness and the intensity of three 
factors threatening global amphibian diversity projected for the year 2080. 
a, Spatial variation of species richness (number of species per grid cell) of frogs 
(n = 4,875), salamanders (n = 508) and caecilians (n = 144). b, Intensity of 
threat from climate change, given as the proportion of species projected to lose 
climatic suitability in a given area (arithmetic mean across 14 GCMs, 3 
emission scenarios and 3 modelling algorithms). c, Intensity of threat from 


amphibian orders is likely to be highly affected by at least one of the 
three major threat factors. When only regions with the highest species 
richness are considered, then about two thirds of the areas with the 
richest frog and salamander faunas (half of the area for caecilians) are 
projected to become heavily affected by 2080 (Fig. 4). 

Several critical assumptions are inevitable when conducting global 
assessments like ours. Although a careful investigation of some of the 
methodological uncertainties in our study broadly confirms the con- 
sistency of our findings (see Methods, Supplementary Methods and 
Supplementary Discussion), several limitations are important. 
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Figure 2 | Relationships among the intensities of the three main factors 
threatening global amphibian diversity. Each point refers to one grid cell in 
Fig. 1 and represents the relative intensity of each of the three threats when 
considered jointly: climate change (proportion of species losing climatic 
suitability); chytridiomycosis (probability of occurrence of chytridiomycosis); 
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chytridiomycosis, given as the projected probability of occurrence of B. 
dendrobatidis (arithmetic mean across 3 GCMs and 2 emission scenarios, data 
from ref. 17). d, Intensity of threat from land-use change, given as the 
proportion of a given area projected to be converted from a natural to an 
anthropogenic state (arithmetic mean across 4 scenarios, data from ref. 19). For 
further details on the quantification of threat intensities, see Methods. White 
areas in panels a and b indicate the absence of a given amphibian order. 


First, much uncertainty exists in ensemble forecasting as illustrated 
by the results produced by our use of 14 different global climate models 
(GCMs) and three bioclimatic envelope modelling algorithms (Sup- 
plementary Figs 8-12). Although we explicitly examined this variation, 
results are contingent on the methods used and future modelling 
might provide further insights. Second, other threats not investigated 
here may also cause declines in amphibian populations, including 
pollution, direct exploitation, spread of invasive species, or increased 
ultraviolet-B irradiation’. These additional factors give reason for further 
concern, especially when they interact with one another*. Third, 


Caecilians 0% 100% 


ers 


Chytridiomycosis 


and land-use change. For details on the quantification of threat intensities, see 
Fig. 1 and Methods. Values of threat intensity are standardized to vary between 
0 and 100%, and then transformed into relative proportions to add up to 100% 
(division by the sum of the three threat intensities). Darker colours indicate 
higher point densities. 
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Figure 3 | Spatial distribution and pairwise overlap of the three main factors 
threatening global amphibian biodiversity, projected for the year 2080. 

a, Climate change and chytridiomycosis. b, Climate change and land-use 
change. c, Chytridiomycosis and land-use change. Colours indicate areas of 
particularly high threat intensity. These areas are defined as the 25% of all grid 
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modelled presence of chytridiomycosis does not always cause local 
declines or extinctions and interspecific as well as regional differences 
in amphibian susceptibility to chytridiomycosis exist”. Fourth, the spatial 
resolution of our analysis is relatively coarse, yet several factors allow 
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Figure 4 | Spatial overlap between areas with the highest amphibian species 
richness and the main factors threatening global amphibian diversity, 
projected for 2080. Areas with the highest species richness are defined as the 
25% of all grid cells with the highest number of species. Areas where high levels of 
species richness coincide with high intensity of 1-3 of the main factors 
threatening amphibian diversity are coloured in yellow, orange and red, 
respectively (blue: no coincidence of high richness and high threat intensity). For 
definition of 25% areas of high threat intensity and further details see Figs 1 and 3. 
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cells with (1) the highest proportion of species projected to lose climatic 
suitability, (2) the highest projected probability of occurrence of 
chytridiomycosis and (3) the highest proportion of land projected to be 
converted from a natural to an anthropogenic state. For other details see Fig. 1. 


population persistence at finer scales (see also discussion in refs 23, 24). 
In particular, our analyses disregard dispersal, biotic interactions and 
adaptive potential, and rely on the assumption that coarse-scale projec- 
tions from bioclimatic envelope models provide a good surrogate for 
species’ climatic requirements at finer scales. However, in some cases, 
species might persist owing to increased climatic stability in fine-grain 
refugia~, or to local adaptations of amphibian populations”’. Our pro- 
jections thus provide measurements of the exposure of global amphibian 
species distributions to key threatening processes but, because the species’ 
responses to these threats are not investigated, projections overestimate 
the impacts of multiple threats on the persistence of local amphibian 
populations (see also Supplementary Discussion). 

Despite these uncertainties, our results reveal an intriguing pattern 
of non-overlap between key threatening factors. The implication is 
that risk assessments focusing on a single threat, such as just climate 
change or only chytridiomycosis, are probably picturing an optimistic 
view. As such, they fail to identify the key actions required to curb the 
ongoing global decline in amphibian diversity. The low coincidence 
between regions projected to have high prevalence of chytridiomycosis 
and climate or land-use change emphasizes the potential for silent 
extinctions away from the regions where the current human footprint 
is larger. In turn, the higher coincidence between land-use and climate 
change highlights the existence of potential synergies between the two 
threatening factors that are often neglected’*”””*. The substantial over- 
lap of threats with many of the world’s centres of amphibian richness 
further underlines the pessimistic long-term perspective for global 
amphibian diversity’». It reinforces the realization that prioritization 
of conservation efforts needs to be based on knowledge of the spatial 
distribution both of the different key threats and of biodiversity. 


METHODS SUMMARY 


To identify the regions with the highest projected impacts of climate change on 
amphibian species, we fitted three familiar bioclimatic models for each of 5,527 
species using an ensemble forecasting framework”. Climate data were extracted 
from 14 different GCMs (Supplementary Table 2)*° under three emission scenarios. 
Across 5,041 2 X 2 degrees latitude—longitude cells, we identified species projected 
to lose climatic suitability in each grid cell (‘climate losers’) in 2080 compared with 
baseline conditions (1980). We then mapped the proportion of climate losers out of 
the total number of species per grid cell across the world. The probability of occur- 
rence of B. dendrobatidis was obtained from a climate-based ensemble modelling 
projection (data from ref. 17). To estimate land-use change, we used the proportion 
ofa grid cell projected to be actively transformed by humans in the presence of (but 
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not necessarily driven by) a changing climate (data from ref. 19; procedure follow- 
ing ref. 27). 

Regions with highest projected impacts of climate change were identified as the 
25% of the grid cells with the highest proportion of losers for each amphibian order. 
We also used the 25% threshold to identify the areas with the highest species rich- 
ness, as well as the regions with the highest projected incidence of chytridiomycosis 
and the highest projected land-use change in 2080. We repeated the analyses using 
threshold levels of 20% and 10% to assess the consistency of our results. Spatial 
overlap among grid cells projected to be most affected was assessed by pairwise 
comparisons of the three threat factors, and also in relation to the distribution of 
regions with the highest levels of species richness. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Data. We fitted bioclimate envelope models (BEMs) for 5,527 amphibian species 
from the three amphibian orders Anura (frogs and toads), Caudata (salamanders 
and newts) and Gymnophiona (caecilians), which for simplicity are henceforth 
referred to as frogs, salamanders and caecilians. Distribution data were compiled 
from the Global Amphibian Assessment*'. Polygons of species’ ranges were 
resampled to a 2 X 2 degree latitude-longitude grid (referred to as the 2°-grid) 
including 5,041 terrestrial cells (for maps of species richness, see Fig. 1a). This 
resolution approximates the average of the original resolutions of the climate data 
sets (see later). 

Climatic data were obtained from the World Climate Research Programme 
(WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model 
data set of the Fourth Intergovernmental Panel on Climate Change (IPCC) 
report. Data were derived from 14 coupled Atmosphere-Ocean GCMs and 3 
emission scenarios (see Supplementary Table 2 for an overview of the used data 
sets). Using this series of GCMs we encompass a wide range of equilibrium climate 
sensitivity (ECS; 2.1-4.3 °C; see Supplementary Table 2 for details) and an array of 
original spatial resolutions, from 1.1 X 1.1 to 3.75 X 3.75 degrees latitude-longitude 
in the original sets. Outputs for each model were obtained for three SRES” emission 
scenarios A1B, A2 and B1, but A2 and B1 scenarios were not available for all of the 
GCMs (Supplementary Table 2; see ref. 33 for a description of the different scenario 
storylines). Inclusion of these three scenarios ensures that the models cover a wide 
range of likely climatic changes. 

For each of the GCMs and emission scenarios, five climatic variables were 
obtained to characterize the baseline period (averaged across a 30-year time period 
from 1970 to 1999) that was used to calibrate the models. The same variables were 
then used to make projections into a 30-year time period between 2070 and 2099, 
subsequently referred to as 2080. The variables used were mean annual rainfall and 
precipitation seasonality, annual temperature range, minimum temperature and 
maximum temperature. These variables are known to impose constraints on 
amphibian physiology and survival** and are often used to model amphibian 
species distributions and richness'***. All climate variables were resampled to 
the 2°-grid. 

By using a global extent approach and given the grain of our analysis, we (1) 
avoid asserting artificial data quality by inappropriate downscaling of the climatic 
data, and (2) minimize the problem of false absences in the species distribution 
data*® as many species in the data set have only been identified in a few localities, 
with no knowledge about the true occurrence of the species*. However, the coarse 
resolution precludes detailed local assessments of threat interactions and pro- 
cesses; therefore our focus is on documenting coarse spatial patterns. 

Projections of the probability of occurrence of B. dendrobatidis were obtained 
from climate-based consensus projections previously described'’. These projec- 
tions (standardized probability of occurrence given by a consensus of MaxEnt 
BEMs across three GCMs and two emission scenarios; Supplementary Fig. 3) were 
resampled to the 2°-grid by weighted averaging. In contrast to the climate change 
and land-use change projections, for chytridiomycosis we did not use values of the 
change of the probability of occurrence, as many regions are not infected yet by 
chytridiomycosis, which makes the absolute value of probability of occurrence a 
better estimate of future risk of B. dendrobatidis infection. For the subsequent 
analyses, we used a consensus map calculated as the arithmetic mean across all 
the projections (Fig. 1b). Generally, averaging across different scenarios may be 
problematic. However, for practical reasons and because separate maps of the 
variation of the probability of chytridiomycosis occurrence for each combination 
of used GCM X scenario did not show strong differences in the spatial pattern 
(Supplementary Fig. 3), we used the consensus map. 

For the projections of potential land-use change, we used data from the 
Millennium Ecosystem Assessment””*’”. The Millennium Ecosystem Assessment 
uses four scenarios representing a variety of socio-economic and political futures 
to estimate future changes in the Earth’s land-cover’’ (‘Adapting Mosaic’, ‘Global 
Orchestration’, ‘Order from Strength’ and ‘TechnoGarden”’). The Millennium 
Ecosystem Assessment maps provide information on current and future distribu- 
tions of 18 different land-cover types at a 0.5° latitude-longitude resolution. For a 
quantification of potential land-use change we identified grid cells that are pro- 
jected to change from a natural to an anthropogenic land-cover state (change of 
any land-cover type to land-cover type 3 ‘cropland/permanent pasture’) and cal- 
culated the proportion of area changed for each cell of our 2°-grid for 2080, as a 
consensus map (arithmetic mean across all four scenarios, Fig. 1c) and separately 
for each of the four scenarios (Supplementary Fig. 4). As for the projections of 
chytridiomycosis, for practical reasons and because a separate use of different 
Millennium Ecosystem Assessment scenarios does virtually not affect the results, 
we used the consensus map in the subsequent analyses. 

Modelling. Three different modelling algorithms, Euclidean distance (ED), 
Mahalanobis distance (MD) and MaxEnt (MX), were used to run BEMs. These 


presence-only algorithms were selected owing to the large number of species with 
uncertain distributions or very small range sizes to be modelled (see also 
Supplementary Discussion). The two distance-based methods (ED and MD) measure 
the similarity of each species’ occurrence to the mean (or centre) of the available 
climatic space. Accordingly species’ niches are defined as circular (for ED) or elliptical 
(for MD) shapes in climatic hyperspace**. BioEnsembles, a computer software 
which is able to optimize and take advantage of high-speed parallel processing, 
was used to run the ED and MD models*’. MaxEnt version 3.2.4°°"', a machine- 
learning technique based on the principle of maximum entropy, was used to run 
the MX models. In MaxEnt, we used a regularization multiplier of 0.5 (a model 
parameter which allows for adjustment of the degree of model overfitting), because 
this value represents a balance between being able to fit models for species with 
very few records while avoiding an unreliable degree of overfitting. 

For each of the 5,527 species, we ran each possible modelling combination (3 

modelling algorithms * 14 GCMs 3 scenarios X 2 time periods), which resulted 
in 1,260,156 models (note that for some GCMs only two scenarios were available, 
Supplementary Table 2). Standard BEM validation procedures were not applicable 
in our study (but note that a validation for future scenarios is in any case not 
possible*”). However, we cautiously assessed patterns of variation in model results 
that may have resulted from different sources of uncertainty, such as species with 
small numbers of occurrence records, different modelling algorithms, and vari- 
ation among GCMs that may result from different resolutions and equilibrium 
climatic sensitivities, as well as different emission scenarios (see Supplementary 
Discussion, also for discussion on model-inherent assumptions). All analyses were 
performed separately for frogs, salamanders and caecilians. 
Processing of modelling results. We used a no-dispersal scenario as the basic 
underlying assumption for the further processing of the modelling results for two 
reasons. First, it is unlikely that amphibians will be able to fully track changes in 
climatic conditions by shifts of their distributional ranges”, in particular when 
thinking of the coarse spatial scale of our analyses (see also our discussion of coarse 
data implications in the Supplementary Discussion). Second, and more impor- 
tantly, the ranges of many species are extremely small (see Supplementary Fig. 2 for 
range-size frequency distributions). Because BEM projections can become un- 
reliable for species with few occurrence records***, we refrained from projecting 
a species’ range into areas where the species does not currently occur. Furthermore, 
to avoid uncertainties associated with the choice of thresholds to convert raw 
model outputs (that is, distance to the optimal centroids or probabilities of occur- 
rence) into binary estimates of presence and absence”, we decided not to use any 
type of thresholding. Instead, following ref. 48, we used the change in climatic 
suitability that overlapped with species’ current ranges and disregarded suitability 
or probability scores that did not overlap with existing records for the species. The 
change in climatic suitability was then calculated as the difference of the climatic 
suitabilities between current and future conditions (standardized MX probability 
of occurrence or 1 minus the raw distance (standardized between 0 and 1) for ED 
and MD, respectively; see Supplementary Fig. 5 for an example). This procedure 
was repeated for each model combination (algorithm * GCMs * scenarios) for 
each species. Despite the standardization of values of suitability change to a range 
from 0 to 1, the values are not quantitatively comparable across the different 
modelling algorithms, which is due to general differences in distance-based (ED, 
MD) and machine-learning (MX) algorithms as well as to software-inherent dif- 
ferences (for histograms and maps of the mean changes of suitability per grid cell, 
calculated as the means across all species, see Supplementary Figs 6 and 7). 
Therefore we used a qualitative approach to identify the regions with the strongest 
projected impacts of climate change on amphibian diversity**: for each model 
combination, we counted the number of species per grid cell that (1) lose climatic 
suitability (‘climate losers’: negative change in climatic suitability between current 
and future conditions), (2) gain climatic suitability (‘climate winners’: positive 
change in climatic suitability between current and future conditions) and (3) show 
no change in climatic suitability between current and future conditions. Note that 
doing so implies that species will be counted as ‘climate loser’ or ‘climate winner’ 
regardless of the magnitude of those changes, and that species may be identified as 
losers in one grid cell and as winners in another. However, as we only analyse these 
counts in categorical and aggregate form (that is, cells with the highest proportion 
of losers) we expect results to be robust to this simplification and further provide 
sensitivity analyses (see also Supplementary Discussion). 

To identify the regions with the strongest projected impacts of climate change on 
amphibian diversity, we built consensus maps of the proportion of climate losers and 
then identified the 25% of all grid cells with the highest proportion of losers (Fig. 3a). 
Consensus maps were derived by calculating arithmetic means of the proportion of 
climate losers across all model combinations (algorithm < GCM scenario) for 
2080 (Fig. 1a). 

Many studies have shown that species distribution modelling results can vastly 
differ when using different GCMs, emission scenarios and algorithms’. To 
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assess the uncertainties around the consensus, we mapped the proportion of losers 
separately as arithmetic means (1) across all combinations of GCM X algorithm 
per scenario (Supplementary Fig. 8), (2) across all combinations of 
GCM x scenario per algorithm (Supplementary Fig. 9A—C), (3) across all combi- 
nations of GCM X scenario per combination of two algorithms (Supplementary 
Fig. 9D-F), and (4) across all combinations of algorithm x scenario per GCM 
(Supplementary Fig. 10). Furthermore, following a novel uncertainty assessment 
protocol®', we assessed the proportion of variation explained by different sources 
of uncertainty (algorithm, GCM, scenario, their interactions, and the residual 
uncertainty) by variance partitioning (SS proportion in 3-way ANOVAs; 
Supplementary Fig. 11), and mapped these proportions of uncertainty (see 
Supplementary Fig. 12, ref. 51 and Supplementary Discussion for details). In 
addition, we identified the 25% grid cells with the highest proportion of climate 
losers separately for each model combination and calculated the number of models 
per grid cell that identified this grid cell as one of the 25% with the highest 
proportion of losers. These overlap maps were constructed for each possible 
algorithm combination (ED X MD xX MX; ED X MD, ED X MX, MD X Mx; 
ED, MD, MX) to assess also the amount of uncertainty that is associated with 
the use of one, two or three modelling algorithms (Supplementary Fig. 13). 
Spatial overlap of different threats. To investigate the spatial overlap of different 
threats for amphibian diversity, we identified the regions with the highest pro- 
jected impact for each of the respective threat: 25% of all grid cells with the highest 
proportion of climate losers (red areas in Supplementary Fig. 1A), 25% of all grid 
cells with the highest probability of occurrence of B. dendrobatidis (orange areas in 
Supplementary Fig. 1B), and the grid cells with a projected land-use change of at 
least 25% of the total area (green areas in Supplementary Fig. 1C). All of these 
calculations were based on the consensus maps derived using the procedures 
explained above. For statistical analyses of threat overlap, see Supplementary 
Methods and Supplementary Table 1. 
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Legumes (Fabaceae or Leguminosae) are unique among cultivated 
plants for their ability to carry out endosymbiotic nitrogen fixation 
with rhizobial bacteria, a process that takes place in a specialized 
structure known as the nodule. Legumes belong to one of the two 
main groups of eurosids, the Fabidae, which includes most species 
capable of endosymbiotic nitrogen fixation’. Legumes comprise 
several evolutionary lineages derived from a common ancestor 
60 million years ago (Myr ago). Papilionoids are the largest clade, 
dating nearly to the origin of legumes and containing most cultivated 
species’. Medicago truncatula is a long-established model for the 
study of legume biology. Here we describe the draft sequence of the 
M. truncatula euchromatin based on a recently completed BAC 
assembly supplemented with Illumina shotgun sequence, together 
capturing ~94% of all M. truncatula genes. A whole-genome duplica- 
tion (WGD) approximately 58 Myr ago had a major role in shaping 
the M. truncatula genome and thereby contributed to the evolution 
of endosymbiotic nitrogen fixation. Subsequent to the WGD, the 
M. truncatula genome experienced higher levels of rearrangement 
than two other sequenced legumes, Glycine maxand Lotus japonicus. 


M. truncatula is a close relative of alfalfa (Medicago sativa), a widely 
cultivated crop with limited genomics tools and complex autotetra- 
ploid genetics. As such, the M. truncatula genome sequence provides 
significant opportunities to expand alfalfa’s genomic toolbox. 
Optical mapping indicates that the eight pseudomolecules of 
assembly Mt3.5 span a physical distance of 375 million base pairs 
(Mb), and fluorescence in situ hybridization indicates they extend 
from pericentromeres almost to telomeric ends (Supplementary Figs 
1 and 2). Altogether, Mt3.5 consists of 2,536 bacterial artificial chro- 
mosomes (BACs; Supplementary Tables 1 and 2) with 273 physical 
gaps (including centromeres, Supplementary Table 3) and 101 internal 
sequencing gaps. The pseudomolecules contain 246 Mb of non- 
redundant sequence (Supplementary Table 2) located entirely within 
the optical map (Supplementary Fig. 3). Another 146 unfinished 
BACs/BAC pools that cannot be placed on the optical map contribute 
17.3 Mb. Regions not represented in pseudomolecules or unanchored 
BACs were captured through assembly of approximately 40 coverage 
Illumina sequencing, yielding 104.2 Mb of additional unique sequence. 
Although not directly tested, the Illumina sequence is expected to lie 
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predominantly within the boundaries of pseudomolecules (see below). 
On the basis of expressed sequence tag alignments, the combined data 
sets capture ~94% of expressed genes, providing a highly informative 
platform for analysing the euchromatin of M. truncatula, although 
still at the draft stage. 

Altogether there are 62,388 gene loci in Mt3.5 (Supplementary 
Table 4 and Supplementary Fig. 4), with 14,322 gene predictions 
annotated as transposons. Pseudomolecules and unassigned BACs 
contain a total of 44,124 gene loci, 177,271 retroelement-related 
regions and 26,487 DNA transposons, and non-redundant Illumina 
assemblies contribute an additional 18,264 genes, 75,777 retrotransposon 
regions and 8,476 DNA transposons (Supplementary Tables 5-9) 
along with 1,418 organellar insertions (Supplementary Data 1). For 
pseudomolecules and unassigned BACs, this translates to 16.8 genes, 
67.6 retrotransposons and 10.1 DNA transposons per 100 kilobases 
(kb). Within Illumina sequence assemblies, gene density (17.1 per 
100 kb) and retrotransposon density (72.2 per 100 kb) are similar to 
pseudomolecules and unassigned BACs, whereas DNA transposon 
density is lower (8.2 per 100 kb). Similarities in gene and transposon 
densities between BAC and Illumina sequences support the assertion 
that the Illumina sequence is euchromatic, although the possibility that 
some Illumina assemblies come from low-copy regions within hetero- 
chromatin can not be excluded. Considering only the 47,845 genes 
with experimental or database support (Supplementary Table 4), the 
average M. truncatula gene is 2,211 bp in length, contains 4.0 exons, 
and has a coding sequence of 1,001 bp. These values are similar to those 
observed previously in Arabidopsis thaliana (2,174 bp), Oryza sativa 
(3,403 bp) and Populus trichocarpa (2,301 bp)**. 

Recent analyses of plant genomes indicate a shared whole-genome 
hexaploidy (WGH) preceding the rosid-asterid split at 140-150 Myr 
ago’. Duplication patterns and genomic comparisons strongly suggest 
an additional WGD approximately 58 Myr ago in the papilionoids*”. 
Near the time of this WGD, papilionoids radiated into several clades, 
the largest of which split quickly into two subclades, the Hologalegina 
(including M. truncatula and L. japonicus) and the milletioids (includ- 
ing G. max and other phaseoloids) at about 54 Myr ago’. We therefore 
compared M. truncatula pseudomolecules with other sequenced plant 
genomes to learn more about shared synteny and genome duplication 
history. 

There is significant macrosynteny among M. truncatula, L. japoni- 
cus and G. max (Fig. 1 and Supplementary Fig. 5a, b). Conserved 
blocks, sometimes as large as chromosome arms, span most euchro- 
matin in all three genomes. A given M. truncatula region is typically 
syntenic with one other M. truncatula region as a result of the approxi- 
mately 58-Myr-ago WGD, usually in small blocks showing degraded 
synteny (Fig. 2 and Supplementary Fig. 6). A given M. truncatula 
region is most similar to two G. max regions via speciation at about 
54 Myr ago and the Glycine WGD at <13 Myr ago”’ and less similar to 
two other G. max regions resulting from the ~58-Myr-ago and <13- 
Myr-ago WGD events. A M. truncatula region is likewise most similar 
to one L. japonicus region via speciation at about 50 Myr ago and less 
similar to a second L. japonicus region as a result of the ~58-Myr-ago 
WGD. Finally, each M. truncatula region and its homeologue typically 
show similarity to three Vitis vinifera regions via the pre-rosid WGH. 
Exceptions to these patterns could be due to gene losses, gains, or 
rearrangements specific to the M. truncatula lineage, resulting in syn- 
teny being more evident between M. truncatula and other genomes 
than in self-comparisons. Indeed, self-comparisons within M. trunca- 
tula reveal few remnants of the legume-specific WGD (Fig. 2 and 
Supplementary Fig. 6). Whereas this seems paradoxical, it is probably 
explained by extensive gene fractionation between WGD-derived 
homeologues in M. truncatula. In Fig. 3, two short regions on Mtl 
and Mt3 resulting from the ~58-Myr-ago WGD are displayed beside 
microsyntenic regions of G. max and V. vinifera. As expected, many 
genes are microsyntenic between M. truncatula and G. max (ranging 
from 7/19 between Mt3 and Gm14 to 10/20 between Mt1 and Gm17). 
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Figure 1 | Circos diagram illustrating syntenic relationships between 
Medicago, Glycine, Lotus and Vitis. Homologous gene pairs were identified 
for all pairwise comparisons between M. truncatula, G. max, L. japonicus and 
V. vinifera genomes. Syntenic regions associated with the ancestral WGD 
events were identified by visually inspection of corresponding dot-plots. The 
large Mt5-Mt8 synteny block (yellow) was found to have two syntenic regions 
in L. japonicus (red), four syntenic regions in G. max (blue) and three in V. 
vinifera (green). 
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Figure 2 | Circos diagram illustrating the Medicago WGD and selected gene 
families. The 963 WGD-derived paralogous gene pairs were examined for 
overlap with the nodule-enhanced gene list (Supplementary Data 2). Resulting 
gene pairs were joined and plotted as either blue triangles (only one of the 
duplicates is nodule-enhanced) or red (both nodule enhanced). Gene densities 
of NBS-LRRs, NCRs and other defensin-like proteins are plotted against 
chromosome position. Density was calculated using a sliding window (100-kb 
window with 50-kb steps). 
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Figure 3 | Microsynteny comparison between Medicago homeologues and 
corresponding regions of Glycine and Vitis. Microsyntenic genome 
segments are centred around Medtr3g104510/Medtr1g015890 (Supplementary 
Table 10), a duplicated region derived from the ~58-Myr-ago WGD event 
noted in orange. The <13-Myr-ago G. max-specific WGD is coloured yellow. 
Orthologous/paralogous gene pairs are indicated through use of a common 
colour. White arrows represent genes with no syntenic homologue(s) in this 
genome region. Some of these genes may actually have a syntenic sequence in 
soybean but no corresponding model reported in the current annotation 
(http://www.phytozome.net/soybean). 


Between the two M. truncatula homeologues, however, only 6 out of 33 
genes (or collapsed gene families) are microsyntenic, with a home- 
ologue missing from one or the other duplicate (Supplementary Table 
10). Apparently, there have been many more changes, large and small, 
in M. truncatula than in G. max since the legume WGD. This is borne 
out by the fact that synteny blocks in M. truncatula are one-third the 
length of those remaining from the papilionoid WGD in G. max (524 
kb against 1,503 kb) with the average number of homologous gene 
pairs per block correspondingly lower (12.4 against 31.0). 

The M. truncatula genome also has undergone high rates of local 
gene duplication. The ratio of related genes within local clusters com- 
pared to all genes in families is 0.339 in M. truncatula, 3.1-fold higher 
than in G. max and 1.6-fold higher than in A. thaliana or P. trichocarpa. 
(‘Local clusters’ are defined as genes in a family all within 100 gene 
models of one another.) The excess of local gene duplications in 
M. truncatula is observed genome-wide and affects many families. 
There are 2.63 times as many gene families with local duplications in 
M. truncatula compared with G. max (2,980 against 1,131), an excess 
that also is seen in detailed comparisons of syntenic regions in 
M. truncatula and G. max. We examined 16.3 Mb of Mt05 showing 
synteny to two large regions of Gm01 plus homeologous blocks on 
Gm02, Gm09 and Gm11. In these regions, 25.8% of M. truncatula 
genes are locally duplicated compared with just 8.0% in G. max. 
Local gene duplications and losses have contributed both to synteny 
disruptions (Fig. 3 and Supplementary Fig. 7) and to high gene count 
(62,388) in M. truncatula—a value nearly as high as the 65,781 total 
gene models in G. max despite its additional (<13 Myr ago) WGD. 
Local gene duplications are evident in certain gene families, such as 
F-box genes, which have undergone pronounced expansions (Sup- 
plementary Fig. 8 and Supplementary Table 11). M. truncatula also 
has experienced higher rates of base substitution compared to other 
plant genomes (Supplementary Fig. 9). Assuming 58 Myr ago as the 
date of the legume WGD, then the rate of synonymous substitutions per 
site per year in M. truncatula is 1.08 X 10 °, 1.8 times faster than esti- 
mates in other vascular plants''. Higher rates of mutation and greater 
levels of rearrangement in M. truncatula following the papilionoid 
duplication may have been driven by factors including short generation 
times, high selfing rates or small effective population sizes, although 
these characteristics are not unique to M. truncatula. 

Legumes and actinorhizal species are capable of forming a specialized 
organ, the root nodule, a highly differentiated structure hosting nitrogen- 
fixing symbionts. Phylogenetic studies suggest that nodulation may 
have evolved multiple times in the Fabidae, but the observation that 
all nodulating species are contained within this single clade indicates 
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that a predisposition to nodulate evolved in their common ancestor”. 
It is unknown whether nodulation with rhizobia preceded the diver- 
gence of the three legume subfamilies or evolved on multiple occas- 
sions’’. Nevertheless, rhizobial nodulation and the 58-Myr-ago WGD 
are features common to most papilionoid legumes and both occurred 
early in the emergence of the group’. Given that WGDs generate 
genetic redundancy that potentially facilitates the emergence of novel 
gene functions without compromising existing ones’, we examined 
the M. truncatula genome to ask whether the 58-Myr-ago WGD 
might have had a role in the evolution of rhizobial nodulation in 
M. truncatula and its relatives. 

Nod factors are bacterial signalling molecules that initiate nodu- 
lation. Previous studies have shown that several of the plant compo- 
nents involved in the response to Nod factors also function in 
mycorrhizal signalling’. However, some Nod factor receptors and 
transcription factors have distinctly nodulation-specific functions. 
Among these nodulation-specific components, we found that the 
Nod factor receptor, NFP, and the transcription factor, ERN1, each 
have paralogues, LYR1 and ERN2 respectively, that trace back to the 
papilionoid WGD based on genome location and synonymous substi- 
tution rate values (Supplementary Fig. 10 and Supplementary Data 2). 
Both sets of gene pairs also show contrasting expression patterns and 
functional specialization. NFP and ERN1 are expressed predominantly 
in the nodule and are known to function in nodulation'*"’”, whereas 
LYR1 and ERN2are highly expressed during mycorrhizal colonization 
(Supplementary Fig. 11). These observations indicate that two import- 
ant nodulation-specific signalling components in M. truncatula might 
have evolved from more ancient genes originally functioning in 
mycorrhizal signalling and then duplicated by the 58-Myr-ago 
WGD. In the case of M. truncatula NFP/LYR1, this conclusion is 
supported by the observation that the apparent orthologue of NFP 
in the nodulating non-legume Parasponia andersonii functions in both 
nodule and mycorrhizal signalling'*. Thus, the 58-Myr-ago WGD 
seems to have led to sub-functionalization of an ancestral gene par- 
ticipating in both interactions, resulting in two homeologous genes 
that each performs just one of the original functions. 

To assess further the contribution of the WGD to M. truncatula 
nodulation, we analysed expression of paralogous gene pairs using 
RNA-seq data from six different organs (Supplementary Methods 5.1). 
A total of 963 WGD-derived gene pairs were found (Supplementary 
Data 2) with 618 pairs (1,046 genes) having RNA-seq data for one or 
both homeologue. We then determined the number of genes showing 
organ-enhanced expression (defined as genes with expression level ina 
single organ at least twice the level in any other) within the pseudo- 
molecule and the WGD-derived gene sets (Supplementary Table 12). 
In both cases, different organs contained markedly different numbers 
of genes with enhanced expression (y* with 5 degrees of freedom, 
P= 10 77); however, the rank order among the organs was identical. 
Roots had the largest number of genes with enhanced expression fol- 
lowed by flower, nodule, leaf, seed/pod and bud. Among gene pairs 
with nodule-enhanced expression, both paralogues were nodule- 
enhanced in eight pairs, whereas just a single paralogue was nodule- 
enhanced in the other 43 pairs. This is consistent with nodulation 
pre-dating the WGD and further sub- and neo-functionalization 
emerging afterwards. We went on to examine transcription factors 
because they can act as regulators of plant growth and development. 
A total of 3,692 putative TF genes were discovered (Supplementary 
Data 3), representing 5.9% of all M. truncatula gene models (Sup- 
plementary Table 13). Of the 1,513 TF genes on pseudomolecules with 
RNA-seq data, 142 genes (9.4%) derived from the 58-Myr-ago WGD 
(Supplementary Fig. 12 and Supplementary Data 4), consistent with 
previous observations indicating greater retention of transcription 
factors following polyploidy’. Nodule-enhanced expression was sig- 
nificantly higher among transcription factors (92 out of 1,513 or 6.1%) 
than among all pseudomolecule genes (1,111 out of 23,478 or 4.7%) ( val 
with 1 degree of freedom, P= 0.024) (Supplementary Table 12). 
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Nodule-enhanced expression was even higher in WGD-derived tran- 
scription factors (11 out of 142 or 7.7%), although this enrichment did 
not reach statistical significance (P = 0.113). As expected, ERNI is 
found within this group of WGD-retained, nodule-enhanced tran- 
scription factors. 

These results show that many paralogous genes retained from the 
58-Myr-ago WGD, especially signalling components and regulators, 
have undergone sub- or neo-functionalization, including several with 
specialized roles in nodulation. Nevertheless, separate phylogenetic 
analyses (Supplementary Methods 5.5) indicate that some nodule- 
related genes derive from the more ancient pre-rosid WGH, with their 
nodule-related functions pre-dating the 58-Myr-ago WGD (Sup- 
plementary Data 5). Taken together, these results are consistent with 
a model where the capacity for primitive interaction with new symbionts 
derived from existing mycorrhizal machinery involving genes 
recruited from the pre-rosid WGH. This capacity would have arisen 
early in the Fabidae clade and led to the appearance of nodulation in 
multiple lineages'*”°. Later, the 58-Myr-ago WGD would have resulted 
in additional genes, including NFP, ERN1 and the transcription factors 
described above, that went on to become specialized for nodule-related 
functions in the Papilionoideae. 

Medicago contains additional amplified gene families, many 
nodulation-related and found in tandem clusters. M. truncatula has 
nine symbiotic leghaemoglobins, more than twice the number in 
L. japonicus or G. max (Supplementary Fig. 13). Five of these genes 
are located in a tight cluster on Mt5. The M. truncatula genome con- 
tains 593 nodule cysteine-rich peptides (NCRs) (Supplementary Data 
6), a gene family restricted to M. truncatula and its relatives*’. NCRs 
are noteworthy because they include members essential for terminal 
differentiation of rhizobia’. NCRs are tightly clustered within the 
M. truncatula genome (Fig. 2), with 75% found in clusters of up to 
11 members. The M. truncatula genome also has 764 nucleotide- 
binding site and leucine-rich repeat (NBS-LRR) genes (Supplemen- 
tary Data 7), more than other plant genomes that have been sequenced 
so far? *°, many with nodule-specific expression (Supplementary Fig. 14). 
Almost 90% of NBS-LRRs occur in clusters and genome regions show- 
ing limited macrosynteny to other species, such as Mt3 and Mt6, are 
locations of large NBS-LRR superclusters (Fig. 2 and Supplementary 
Tables 14 and 15). Finally, M. truncatula secretes flavonoid signalling 
molecules to induce the nod genes of Sinorhizobium meliloti”. In 
M. truncatula, the corresponding biosynthetic pathway has expanded 
markedly, with 28 M. truncatula chalcone synthase genes in clusters of 
up to seven members compared to just four chalcone synthases in 
A. thaliana’ (Supplementary Data 8). M. truncatula has ten chalcone 
reductases compared to none in A. thaliana”® and M. truncatula has 11 
chalcone isomerase genes, including one cluster of seven members, 
compared to just one representative in A. thaliana” (Supplementary 
Figs 15 and 16). 

Analysis of the M. truncatula genome supports earlier studies indi- 
cating that the dramatic radiation of the legume family (at least the 
papilionoid subfamily) is partly attributed to the 58-Myr-ago WGD”. 
Our results indicate that the WGD early in papilionoid evolution 
allowed the emergence of critical components in Nod factor signalling 
and contributed to the complexity of rhizobial nodulation observed in 
this clade. As such, the WGD seems to have had a crucial role in the 
success of papilionoid legumes, enhancing their utility to humans. 


METHODS SUMMARY 

DNA sequencing. Six A17 BAC and one fosmid library were used to create Mt3.5 
(Supplementary Table 1). Most were processed by Sanger paired-end sequencing 
of 3-6-kb shotgun libraries. Sequences were downloaded in February/March 2009 
with scaffolding performed by aligning all BAC and fosmid ends against contigs 
and then anchored and ordered primarily by optical mapping. Separately, 25 
billion base pairs (Gb) of Illumina sequence was generated using short (375 nt) 
inserts plus 2.1 Gb from a 5 kb mate-pair library, then assembled using CLCbio 
(http://www.clcbio.com) and Soap (http://soap.genomics.org.cn/). 
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RNA sequencing. Five tissues were used for RNA-seq analysis with ~10 million 
Illumina 36-bp reads per library (Supplementary Table 12). Three tissues were 
used for small RNA analysis with ~3 million reads per Illumina library 
(Supplementary Figs 17-18, Supplementary Table 16 and Supplementary Data 9). 
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Natural polymorphisms in C. elegans HECW-1 E3 
ligase affect pathogen avoidance behaviour 


Howard C. Chang’, Jennifer Paek' & Dennis H. Kim!’ 


Heritable variation in behavioural traits generally has a complex 
genetic basis’, and thus naturally occurring polymorphisms that 
influence behaviour have been defined only in rare instances”*. The 
isolation of wild strains of Caenorhabditis elegans has facilitated 
the study of natural genetic variation in this species* and provided 
insights into its diverse microbial ecology’. C. elegans responds to 
bacterial infection with conserved innate immune responses®* 
and, although lacking the immunological memory of vertebrate 
adaptive immunity, shows an aversive learning response to patho- 
genic bacteria’. Here, we report the molecular characterization of 
naturally occurring coding polymorphisms in a C. elegans gene 
encoding a conserved HECT domain-containing E3 ubiquitin ligase, 
HECW-1. We show that two distinct polymorphisms in neighbour- 
ing residues of HECW-1 each affect C. elegans behavioural avoid- 
ance of a lawn of Pseudomonas aeruginosa. Neuron-specific rescue 
and ablation experiments and genetic interaction analysis indicate 
that HECW-1 functions in a pair of sensory neurons to inhibit P. 
aeruginosa lawn avoidance behaviour through inhibition of the 
neuropeptide receptor NPR-1 (ref. 10), which we have previously 
shown promotes P. aeruginosa lawn avoidance behaviour''. Our 
data establish a molecular basis for natural variation in a C. elegans 
behaviour that may undergo adaptive changes in response to micro- 
bial pathogens. 

C. elegans is initially attracted to pathogenic P. aeruginosa PA14, but 
within a few hours develops an avoidance response to P. aeruginosa 
(Supplementary Fig. 1). P. aeruginosa lawn avoidance behaviour confers 
increased survival in the presence of a lawn of pathogenic bacteria'*™*. 
We followed the kinetics of P. aeruginosa lawn avoidance behaviour of 
the laboratory C. elegans wild-type strain N2 after transfer from 
Escherichia coli OP50 (Fig. 1a). We observed that over 50% of the N2 
population vacated the lawn of P. aeruginosa by 8h, and by 24h, over 
90% of the animals were found outside of the lawn of P. aeruginosa 
(Fig. 1b and Supplementary Fig. 1). 

Characterization of the npr-1 gene has shown that the 215V allele of 
npr-1 found in the N2 strain, which has likely been derived in the 
laboratory'*’’, has increased activity compared with the ancestral 
215F allele of npr-1, modifying several behavioural phenotypes includ- 
ing aggregation, aerotaxis and locomotion specifically in the presence of 
bacterial food'*’”~”. In addition, we have shown previously that the 
215V allele of npr-1 confers N2 with enhanced behavioural avoidance 
of a lawn of P. aeruginosa compared with wild isolates such as CB4856 
that carry the 215F allele of npr-1 (ref. 11). Consistent with these prior 
observations, we observed that the wild isolates CB4856 and RC301 that 
carry the 215F allele of npr-1 exhibited markedly delayed avoidance 
times from a lawn of P. aeruginosa compared with the P. aeruginosa 
avoidance times observed for N2 (Fig. 1b and Supplementary Fig. 1). 

We observed that P. aeruginosa lawn avoidance behaviour by 
the CB4856 strain was also diminished relative to RC301, with 
approximately 75% of CB4856 animals remaining inside the lawn of 
P. aeruginosa after 24h, compared with 25% lawn occupancy by 
RC301 animals after 24 h (Fig. 1b and Supplementary Fig. 1). We 
observed that the DA650 strain’®, which was generated by backcrossing 


the 215F npr-1(g320) allele of the RC301 strain into the N2 genetic 
background, showed kinetics of P. aeruginosa lawn avoidance com- 
parable to RC301 (Fig. 1b and Supplementary Fig. 1). These observa- 
tions confirmed that the npr-1 polymorphism is a major determinant 
of behavioural avoidance of the P. aeruginosa lawn, but also revealed 
that additional genetic differences among wild isolates of C. elegans 
influence the behavioural avoidance of pathogenic bacteria. 

We sought to identify these additional genetic loci that modulate the 
behavioural avoidance of pathogenic bacteria. We found a substantial 
contribution from a single locus in determining the different pathogen 
avoidance behaviours observed in CB4856 and DA650 (Supplemen- 
tary Fig. 2). We performed positional mapping and transgenic rescue to 
narrow the genomic interval containing causative genetic differences to 
an 8-kilobase fragment (genetic analysis and positional mapping 
detailed in Supplementary Fig. 2). This 8 kb genomic interval included 
a single gene, F45H7.6 (Fig. 1c), which encodes an E3 ubiquitin ligase 
with two WW domains and a HECT domain (Fig. 1d), with strong 
homology to the human HECT, C2, and WW-domain-containing E3 
ubiquitin ligase 1 (HECW1, also known as NEDL1)”. Thus, we named 
the C. elegans F45H7.6 gene hecw-1. We identified two polymorphisms 
in hecw-1 (Fig. 1c), including one coding polymorphism in exon 8 of 
hecw-1 that results in a Q325P change in HECW-1 in strain CB4856 
(Fig. 1d). Consistent with our mapping data implicating hecw-1 as a 
determinant of P. aeruginosa lawn avoidance behaviour, we found 
that a deletion allele of hecw-1, 0k1347 (Fig. 1c), showed enhanced 
P. aeruginosa lawn avoidance behaviour (Supplementary Fig. 3). 

We sequenced the region of the hecw-1 gene region encompassing 
amino acid 325 from a total of 162 C. elegans strains (Supplementary 
Table 1), and we found that only CB4856 carries the hecw-1 325P 
polymorphism. Unexpectedly, we identified a second polymorphism, 
which results in a Y322C substitution in HECW-1 (Fig. 1d) in 11 wild 
strains, including AB2 and CB3198. Comparison of the C. elegans 
amino acid sequence flanking and including the polymorphisms with 
the sequences from other Caenorhabditis species and mammalian 
hecw-1 orthologues indicated that these polymorphisms lie in a con- 
served, but relatively rapidly evolving region (Supplementary Fig. 4a). 

Whereas the phenotypic effect of the hecw-1 325P polymorphism in 
CB4856 was suggested by mapping and rescue experiments, the hecw-1 
322C polymorphism was detected by sequencing. To determine the 
effect of Y322C substitution on pathogen avoidance behaviour, we 
crossed the hecw-1 322C polymorphism in AB2 and CB3198 strains 
into the CB4856 background (thus substituting the hecw-1 322C 325Q 
alleles for the hecw-1 322Y 325P alleles of CB4856). We also crossed the 
hecw-1 322Y 325Q allele of N2 into the CB4856 background. After six 
backcrosses to the CB4856 strain, we observed that each of the two 
strains carrying the hecw-1 322C 325Q alleles showed P. aeruginosa 
lawn avoidance behaviour that was equivalent to that observed for the 
CB4856 strain (Fig. le). These data indicated that the hecw-1 322C (in 
AB2 and CB3198) and hecw-1 325P (in CB4856) polymorphisms con- 
fer comparable effects on P. aeruginosa lawn avoidance behaviour, 
with delayed avoidance relative to the hecw-1 322Y 325Q allele crossed 
into the CB4856 background (Fig. le). 
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Figure 1 | Natural variation in C. elegans hecw-1 modulates behavioural 
avoidance of P. aeruginosa. a, Schematic of the assay of pathogen avoidance 
behaviour in which C. elegans were transferred to plates containing a lawn of P. 
aeruginosa PA14, and lawn occupancy was scored over time. b, P. aeruginosa 
lawn occupancy of C. elegans strains assayed at 24h. Full time course in 
Supplementary Fig. 1. c, Schematic of the 8-kb rescuing genomic fragment 
encompassing hecw-1 (Supplementary Fig. 2c). The two polymorphisms that 
vary between CB4856 and DA650 within this region are shown, as is the region 
deleted in the hecw-1(0k1347) mutant. d, The coding polymorphisms in hecw-1 
result in a Q325P substitution in CB4856 and a Y322C substitution in the AB2 


Although the strains carrying the 322C and 325Qalleles of hecw-1 in 
the CB4856 background were generated from two independent strains, 
AB2 and CB3198, we considered that these strains may nevertheless 
carry linked loci that could modulate pathogen avoidance behaviour. 
Thus, we sought to determine the relative activities of the naturally 
occurring alleles of hecw-1 in an otherwise isogenic strain background. 
We generated single-copy insertions each carrying an 8-kb hecw-1 
genomic sequence fragment in the N2-derived hecw-1(0k1347) back- 
ground, with the transgenes differing only at HECW-1 amino acid 
positions 322(Y/C) and/or 325(Q/P). Consistent with our observations 
of strains carrying the naturally occurring hecw-1 polymorphisms in 
the CB4856 background, we observed that animals carrying either 
the hecw-1 322C or the hecw-1 325P substitutions rescued the 
hecw-1(0k1347) P. aeruginosa lawn avoidance phenotype with a 
delayed avoidance of the P. aeruginosa lawn compared with animals 
carrying the hecw-1 322Y 325Q allele (Fig. 1f). These data show that 
both the hecw-1 322C 325Q and 322Y 325P polymorphisms result in 
increased HECW-1 activity relative to the hecw-1 322Y 325Q allele. 
Structural modelling of HECW-1, based on the crystal structure of 
the corresponding domain of human HECW1, indicated that the 
hecw-1 325P and hecw-1 322C polymorphisms may alter the same 
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and CB3198 wild strains. e, P. aeruginosa lawn avoidance behaviour of strains 
carrying hecw-1 322Y 325Q, 322Y 325P and 322C 325Q alleles in the CB4856 
background and constructed as indicated. f, P. aeruginosa lawn avoidance 
behaviour of animals each carrying a single integrated copy of hecw-1 genomic 
sequence with the naturally occurring 322Y 325Q, 322C 325Q and 322Y 325P 
alleles of hecw-1 in the N2-derived hecw-1(0k1347) background. In b and 

e *P<0.001 was determined by the analysis of variance (ANOVA) multiple 
comparisons test. In f *P < 0.001 and **P < 0.02 was determined by the 
Student’s t-test based on the results of four independent experiments. Error 
bars indicate s.e.m. 


protein-protein interaction interface on the surface of HECW-1 without 
a radical disruption in overall structure (Supplementary Fig. 4b). 

To determine the cells in which HECW-1 is expressed, we generated 
a transcriptional reporter consisting of green fluorescent protein (GFP) 
under the control of the hecw-1 promoter, which contains the 0.9 kb 
sequence upstream of the first exon of hecw-1 that was sufficient to 
rescue the hecw-1(0k1347) mutant. GFP fluorescence was observed in 
the nervous system throughout the body, but in the anterior ganglion 
was conspicuously limited to two neurons located posterior to the 
anterior bulb of the pharynx, each of which have projections extend- 
ing anteriorly (Fig. 2a). We confirmed that these two neurons are 
the lateral outer labial neurons OLLL and OLLR by co-localization 
experiments using the OLL-specific reporter ser-2dp::gfp*' and the 
hecw-Ip::mCherry transgene (Fig. 2b-d). 

To determine whether expression of HECW-1 in the OLL neuron 
pair is sufficient to regulate pathogen avoidance behaviour, we per- 
formed rescue experiments using transgenes comprised of hecw-1 
complementary DNA fused to GFP under the control of neuron- 
specific promoters. Expression of a hecw-1 cDNA::gfp transgene under 
the control of either its endogenous hecw-1 promoter (Supplementary 
Fig. 5) or the OLL-specific ser-2d promoter” (Fig. 2e) was sufficient to 
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Figure 2 | HECW-1 functions in the OLL sensory neuron pair to negatively 
regulate pathogen avoidance behaviour. a, Expression of GFP under the 
control of a hecw-Ip showing fluorescence throughout the nervous system of the 
body, but limited expression in the anterior ganglion (arrow points to single pair 
of head neurons showing expression). Scale bar, 50 um. b-d, HECW-1 is 
expressed in the OLL sensory neurons. b, Anterior ganglion expression of hecw- 
Ip::mCherry. c, Expression of the OLL sensory neuron marker ser-2dp::gfp. 
d, Merge of Nomarski imaging, b and c. Scale bar, 5 tum. e, Expression of a ser- 
2dp::hecw-1 cDNA::gfp translational fusion protein in the OLL neuron pair 
(indicated by arrow). Scale bar, 10 tum. f, P. aeruginosa lawn avoidance behaviour 
of N2, hecw-1(0k 1347) and three independent transgenic lines of the hecw- 
1(0k1347) mutant expressing ser-2p::hecw- 1::gfp. *P < 0.001 was determined by 
the ANOVA multiple comparisons test. Error bars indicate s.e.m. 


rescue the hecw-1(0k1347) P. aeruginosa lawn avoidance phenotype 
(Fig. 2f). Although the ser-2d promoter directs additional expression in 
PVD neurons”, heterologous expression of hecw-1::gfp in PVD did not 
rescue the P. aeruginosa lawn avoidance phenotype of hecw-1 
(Supplementary Fig. 6a). In addition, an alternative promoter directing 
hecw-1::gfp expression in neurons including the OLL neuron pair, but 
not PVD neurons, rescues the hecw-1 mutant phenotype (Supplemen- 
tary Fig. 6b). These data indicate that HECW-1 activity in the OLL 
neuron pair is sufficient to rescue the P. aeruginosa lawn avoidance 
phenotype of hecw-1(0k 1347). 

To determine whether the OLL neuron pair is necessary for the 
negative regulation of pathogen avoidance behaviour, we carried out 
laser ablation of the OLL neuron pair using transgenic animals carrying 
the ser-2dp::gfp reporter to mark the OLL neurons for ablation. 
We ablated and mock-ablated the OLL neuron pair and allowed the 
animals to recover overnight on plates seeded with E. coli OP50. To 
confirm that the OLL neurons were successfully ablated, we checked 
the OLL GFP signals of the ablated animals before we transferred them 
to P. aeruginosa plates. We found that animals with the OLL neuron 
pair ablated showed markedly enhanced P. aeruginosa lawn avoidance 
behaviour relative to mock-ablated animals as determined by dimin- 
ished occupancy of the P. aeruginosa lawn after 5 h (Fig. 3a). These data 
suggest a role for the OLL neuron pair in the negative regulation of 
pathogen avoidance behaviour in C. elegans. 

Wealso generated transgenic animals in the N2 background expres- 
sing the caspase csp-1b cDNA (Denning, D. and Horvitz, H. R., un- 
published results), which induces cell death, under the control of the 
OLL-specific promoter, ser-2dp. Using two transgenic lines with more 
than 90% of the animals lacking the OLL neuron pair (Fig. 3b, c), we 
found that animals lacking the OLL neuron pair showed an enhanced 
pathogen avoidance behaviour phenotype as was observed in OLL 
laser-ablated animals (Fig. 3d). The enhanced P. aeruginosa lawn 
avoidance behaviour of the hecw-1(0k1347) mutant and OLL-ablated 
strains led us to ask whether the lawn avoidance behaviour might be 
observed even in the presence of non-pathogenic E. coli OP50. 
However, in contrast to the marked avoidance behaviour observed 
in the presence of a lawn of pathogenic P. aeruginosa, we found that 
neither the hecw-1(0k1347) deletion, nor genetic ablation of OLL 
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Figure 3 | The OLL sensory neuron pair negatively regulates pathogen 
avoidance behaviour. a, P. aeruginosa lawn avoidance behaviour of N2 
animals carrying the ser-2dp::gfp transgene and subjected to laser ablation of 
OLL. Mock animals were treated in parallel without laser treatment. Two 
independent experiments were performed, and 15 and 30 animals were ablated 
in each experiment. b, c, Fluorescence microscopy of animals expressing the 
ser-2dp::gfp transgene in OLL (b) and carrying the ser-2dp::gfp transgene along 
with the csp-1b caspase under the control of ser-2d promoter that results in 
genetic ablation of OLL (c). Pharyngeal red fluorescence signals arise from co- 
injection marker myo-2p::mcherry. Scale bar, 20 jim. d, e, Genetically ablated 
animals were then transferred to plates seeded with P. aeruginosa PA14 (d) and 
E. coli OP50 (e), respectively, and lawn occupancy was recorded at the indicated 
times. *P < 0.001 was determined by the ANOVA multiple comparisons test. 
**P = (0.23 was determined by the ANOVA multiple comparisons test. Error 
bars indicate s.e.m. 


mediated by ser-2dp::csp-1b conferred a discernible lawn avoidance 
behavioural phenotype in the presence of E. coli OP50 (Fig. 3e). 

Ultrastructural studies suggest a mechanosensory function for the 
OLL neuron pair”’. Consistent with these data, we found that OLL- 
ablated and hecw-1(0k1347) mutant animals showed a defective 
withdrawal response of C. elegans to a light touch on the tip of its nose, 
the nose-touch phenotype” (Supplementary Fig. 7a, b). The involve- 
ment of the OLL neuron pair in P. aeruginosa lawn avoidance beha- 
viour suggests that the mechanosensory detection of bacteria may 
contribute to HECW-1-regulated pathogen avoidance behaviour. A 
role for mechanosensation in C. elegans-bacteria interactions has been 
implicated previously in studies of dopamine-dependent mechano- 
sensory signalling in the C. elegans basal slowing response when 
encountering a lawn of bacteria”*. 

The observed P. aeruginosa lawn avoidance phenotype probably 
results from the integration of multiple attractive and repulsive beha- 
viours induced by nutritional, metabolic and pathogenic aspects of the 
bacterial lawn. We have previously shown that P. aeruginosa lawn 
avoidance behaviour of the npr-1 mutant contributes to enhanced sur- 
vival in a pathogen killing assay with P. aeruginosa‘'™. Consistent with 
these prior studies, we observed that the hecw-1(0k1347) mutant 
showed enhanced survival compared with N2 (Fig. 4a). We proceeded 
to ask whether HECW-1 might act through NPR-1 to modulate beha- 
vioural avoidance of pathogenic bacteria. Whereas the hecw-1(0k1347) 
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Figure 4 | Regulation of pathogen avoidance behaviour and survival by 
HECW-1 is dependent on NPR-1. a, Survival assay of indicated mutants on P. 
aeruginosa PA14 at 22.5 °C. b, P. aeruginosa lawn avoidance behaviour of 
double mutants in the N2 background carrying the hecw-1(0k 1347) mutation in 
combination with three different npr-1 alleles—the N2 wild type npr-1 215V 
allele, the 215F allele npr-1(g320), and the putative null npr-1(ad609). 
*P < 0.001 was determined by the ANOVA multiple comparisons test. Error 
bars indicate s.e.m. c, Model for the function of HECW-1 in the regulation of 
pathogen avoidance behaviour. 


mutation conferred an enhanced P. aeruginosa lawn avoidance pheno- 
type in the presence of the npr-1 215V allele and npr-1(g320) 215F 
alleles, we found that the putative null alleles, npr-1(ad609) and 
npr-1(ky13), suppressed the enhanced P. aeruginosa avoidance pheno- 
type conferred by the hecw-1(0k1347) mutation (Fig. 4b and 
Supplementary Fig. 8a). Consistent with the observed genetic inter- 
action between hecw-1 and npr-1 with regard to P. aeruginosa lawn 
avoidance behaviour, we observed that both the pathogenesis survival 
and nose-touch phenotypes conferred by the hecw- 1 loss-of-function in 
the presence of P. aeruginosa were also suppressed by null mutations in 
npr-1 (Fig. 4a and Supplementary Fig. 7b). The OLL neurons may 
connect through the IL2 and CEP neurons to the RMG neurons, in 
which NPR-1 activity exerts its diverse influence over C. elegans beha- 
viour~. Partial rescue of the sensitivity of the npr-1(ky13) mutant to the 
effect of the hecw-1(0k1347) mutation on pathogen avoidance was 
observed using an npr-1 cDNA transgene under the control of the 
fip-5 promoter, which directs expression in RMG and ASE neurons 
(Supplementary Fig. 8b). These data support a model in which 
HECW-1 in the OLL neuron pair functions to inhibit the activity of 
NPR-1 in the RMG inter/motor neuron (Fig. 4c). 
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The ecological and evolutionary impact that microbes may have on 
host organisms has been increasingly appreciated to extend beyond the 
immune system, encompassing diverse aspects of host physiology”. 
Our work provides a molecular basis for how natural variation can lead 
to changes in behaviour that may facilitate adaptation of C. elegans to 
microbes. 


METHODS SUMMARY 


C. elegans were cultivated and strains constructed using standard methods”. 
Transgenic strains were generated using indicated constructs and standard micro- 
injection methods”. MosSCI single-copy insertions were generated as described”. 
Assays measuring C. elegans pathogen avoidance behaviour used P. aeruginosa 
PA14 plates prepared as follows: a 100-ml solution of LB was inoculated with a 
single colony of P. aeruginosa PA14 and grown overnight without shaking at 37 °C 
(A600 nm= 0.2-0.3). A 30-11 aliquot of this culture was used to seed the centre of 
each 100-mm NGM plate, and the seeded plates were incubated for 24h at room 
temperature (22.5 °C). Approximately 30 larval stage 4 (L4) animals were trans- 
ferred onto plates containing the P. aeruginosa PA14 lawn at 22.5 °C, and occu- 
pancy was determined at the indicated times. Survival assays were carried out on 
35-mm_slow-killing assay plates*® supplemented with 5-fluorodeoxyuridine 
(0.05 mg ml’) and seeded with P. aeruginosa PA14 prepared as above and main- 
tained at 22.5 °C. Laser ablations were performed on L3-stage larvae as described 
in text. Microscopy and image analysis was carried out on an AxioImager Z1 
fluorescence microscope fitted with CCD camera (AxioCam) and processed with 
the Axioplan image processor software (Zeiss). The statistical analyses were per- 
formed using the GraphPad Prism software. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Strains. C. elegans strains N2 (Bristol, England), CB4856 (Hawaii, USA), RC301 
(Freiburg, Germany), AB2 (Adelaide, Australia) and CB3198 (Pasadena, 
California, USA) were maintained at 20 °C using standard methods”. Strains were 
maintained at 20 °C then shifted to 22.5 °C for P. aeruginosa PA14 lawn avoidance 
assays and pathogenesis survival assays. The hecw-1(0k1347) mutant strain was 
derived from the RB1265 strain (generated by the C. elegans Gene Knockout 
Consortium and obtained from the Caenorhabditis Genetics Center) by back- 
crossing six times to N2. The npr-1(g320); hecw-1(0k1347) double mutant was 
generated by crossing hecw-1(0k1347) into DA650 three times. ZD641, ZD642, 
ZD643 were generated by backcrossing the hecw-1 alleles in N2, AB2 and CB3198 
into CB4856 six times. MT15623 (a gift from H. R. Horvitz) carries npr-1(ky13); 
lin-15AB(n765ts) X; nEx1252 (npr-1 genomic; lin-15AB rescue) were used and 
crossed into hecw-1(0k1347); npr-1(ky13); lin-I1SAB(n765ts) for rescue experi- 
ments. Transgenic strains were isolated by microinjecting various plasmids”, 
(typically at 50-100 xg ml‘) together with either of the following co-injecting 
markers rol-6dm, myo-2p::mCherry (a gift from S. Nakano) and mec-4p::gfp (a gift 
from M. Driscoll) in wild-type or mutant animals. 

Generation of MosSCI single insertion lines. Single-copy insertion of transgenes 
was performed using the direct MosSCI technique targeting the ttTi5605 Mos 
allele on chromosome II, as described”. The hecw-1 genomic sequences varying 
only in the coding polymorphisms in exon 8 were cloned into the pCFJ151 
targeting vector using the BsiWI and Xhol restriction sites. The 8-kb N2 hecw-1 
genomic sequences were modified by site-directed mutagenesis (QuikChange II 
XL Site-Directed Mutagenesis kit, Agilent Technologies) using the primer 
5'-CTTGATTCTCGCATAAGGCGGTTTTAAACTCGTCTCG-3’ to introduce 
the Q325P change and the 5’-CTGCATTGCATCTGGATTCTCGTATAAGGC 
GG-3' primer to introduce the Y322C change. The modified pCFJ151 vectors, 
carrying the hecw-1 322Y 325Q, hecw-1 322Y 325P or hecw-1 322C 325Q alleles, 
were then each injected with co-injection vectors pGH8, pCFJ90, pCFJ104 and 
pJL43.1 into at least 60 animals. After positive and negative selections, two inte- 
grated lines were then sequenced to confirming the correct sequences of hecw-1. 
P. aeruginosa PA14 avoidance assay. A 100-ml solution of LB was inoculated 
with a single colony of P. aeruginosa PA14 and grown overnight without shaking 
at 37 °C (Agoo = 0.2-0.3). 30 pl of this culture was used to seed the centre of each 
100-mm NGM plate, and the seeded plates were incubated for 24h at room 
temperature (22.5 °C). Approximately 30 larval stage 4 (L4) animals were trans- 
ferred onto plates containing the P. aeruginosa PA14 lawn at 22.5 °C, and lawn 
occupancy was measured at the indicated times. Two plates of each genotype were 
performed in each experiment and all experiments were performed at least three 
times. Upon being transferred to the P. aeruginosa PA14-containing plates, 
animals explore the plate for about 10-15 min until they find the bacterial lawn 
and then remain in the lawn. Subsequently, lawn occupancy is measured over time 
as the lawn avoidance behaviour is observed. 

P. aeruginosa pathogenesis survival assay. C. elegans survival assays on 
P. aeruginosa PA14 were set up as described previously’, with the following 
modifications. 311 of the aforementioned P. aeruginosa PA14 culture was 
used to seed 35-mm slow-killing assay plates*® modified by the addition of 
5-fluorodeoxyuridine (0.05mgml'), used to prevent eggs from hatching. 
Seeded plates were incubated for 24h at 22.5°C. L4 stage animals were then 
transferred to the P. aeruginosa PA14 plates, which were maintained at 22.5 °C 
throughout the survival assay. Animals were scored as dead when they no longer 
responded to the repeated touch of a platinum wire. 


Mapping of hecw-1. Single nucleotide polymorphisms (SNPs) between N2 and 
CB4856 were used to determine the genetic loci responsible for the difference in 
pathogen avoidance behaviour between DA650 and CB4856. We found a strong 
linkage in the area between —7.2 and —5.5 map units (centimorgan, cM) on 
chromosome 3. Further positional SNP walking defined a 25-kb interval between 
SNPs haw42334 (—7.18 cM) and haw42350 (—7.07 cM) on chromosome 3, which 
included the major molecular determinant of the P. aeruginosa PA14 lawn avoid- 
ance behaviour between CB4856 and DA650 (Supplementary Fig. 2). An 8-kb 
genomic region from CB4856 encompassing hecw-1 and depicted in Fig. 1c res- 
cued the DA650 avoidance phenotype. 

Microscopy. Animals were mounted in M9 with levamisole (10 mM) onto slides 
with a 2% agarose pad. The slides were viewed using an AxioImager Z1 fluor- 
escence microscope (Zeiss) with 20/0.8, X40/1.3 (oil) and X63/1.4 (oil) objec- 
tives. The fluorescence signals were recorded by a CCD camera (AxioCam) in a 
12-bit format without saturation. The images were captured and processed using 
the Axioplan image processor software. 

Molecular cloning. The genomic region of hecw-1 was amplified by PCR using 
primers 5'-ATCGTGGTTTCGCACTTTGTTTTGGAAAC-3’ and 5’-AACCAG 
TCGCCGTGAGGATGCG-3’. The 8kb genomic fragment from either N2 or 
CB4856 was subsequently cloned into a Topo (Invitrogen) vector. The hecw-1 
promoter region was amplified by using 5’ primer 5’-ATCGTGGTTTCGC 
ACTTTGTTTTGGAAAC-3’ and 3’ primer 5'-TCTCCGAAGCGTGATCAT 
TCTAAAAACC-3’. The 900-bp fragment was subsequently cloned into the 
pPD95.75 vector (Fire Lab Vector Kit, Addgene) to generate the hecw-1 promoter 
GFP reporter. hecw-1 and npr-1 cDNAs were gifts from Y. Kohara. The ser-2d 
promoter was generated using primers as described previously. csp-1b cDNA is a 
gift from D. Denning (D. Denning and H. R. Horvitz, unpublished results). flp-5, 
fip-3 and F49H12.4 promoters were cloned from genomic DNA as described 
previously. The flp-5 promoter region was amplified by using 5’ primer 
5'-TTTTTGCATGC GTCATGTCAGGCCCCGCCGTTTC-3’ and 3’ primer 
5'-TTTTTCTGCACTATTATGTGGAGCGGTTGGGAGCTG-3’. The _flp-3 
promoter region was amplified by using 5’ primer 5'-TTTTTCTGCAGACAAG 
GTGGCATCTCAACCAACAG-3’ and 3’ primer 5’-AAAAACCCGGGGAA 
GAAGTAGAAGTGAGGTTGTGAACCG-3’. Finally, the F49H12.4 promoter 
region was amplified by using 5’ primer 5'’-TTTTTCTGCAGCCTCTGTAT 
GCCAGTTGGGGTTCTTGCT-3’ and 3’ primer 5'’-AAAAACCCGGG GCAG 
CTGGAGGCTGGATATCTGAGG-3’. 

Laser ablation. Laser microsurgeries were performed on L3-stage larvae as 
described in text. Cell identifications were based on a ser-2dp::gfp and sra-6p::gfp 
reporter and cell morphology. The ablated animals were confirmed under a 
dissection scope to have lost the GFP signals of OLL and ASH neurons 16h later, 
before the P. aeruginosa PA14 lawn avoidance and nose-touch assays were 
performed. 

Nose-touch behaviour assay. Nose-touch sensory responses were assayed as 
previously described” in an observer-blinded manner. Each animal was tested 
on food for reversal of locomotion after a forward collision with a hair. Each 
animal was tested ten times, and 20 or more animals were tested for each genotype 
or for neuronal laser ablations. 

Statistical analysis. Statistical analysis was performed using GraphPad Prism 
software. 

Structure modelling. Based on the deposited WW domain of the human 
orthologue HECW1 (PDB code 3L4H), we threaded the C. elegans sequence 
(29% identity over 109 aligned residues) and generated a model with 
MODELLER. The model in Supplementary Fig. 4b is rendered using PyMOL. 
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Basigin is a receptor essential for erythrocyte 
invasion by Plasmodium falciparum 


Cécile Crosnier!*, Leyla Y. Bustamante2*, S. Josefin Bartholdson'*, Amy K. Bei’, Michel Theron’, Makoto Uchikawa’*, 
Souleymane Mboup”, Omar Ndir°®, Dominic P. Kwiatkowski*®, Manoj T. Duraisingh’, Julian C. Rayner” & Gavin J. Wright)? 


Erythrocyte invasion by Plasmodium falciparum is central to the 
pathogenesis of malaria. Invasion requires a series of extracellular 
recognition events between erythrocyte receptors and ligands on 
the merozoite, the invasive form of the parasite. None of the few 
known receptor-ligand interactions involved’* are required in all 
parasite strains, indicating that the parasite is able to access mul- 
tiple redundant invasion pathways’. Here, we show that we have 
identified a receptor-ligand pair that is essential for erythrocyte 
invasion in all tested P. falciparum strains. By systematically 
screening a library of erythrocyte proteins, we have found that 
the Ok blood group antigen, basigin, is a receptor for PfRh5, a 
parasite ligand that is essential for blood stage growth®. 
Erythrocyte invasion was potently inhibited by soluble basigin or 
by basigin knockdown, and invasion could be completely blocked 
using low concentrations of anti-basigin antibodies; importantly, 
these effects were observed across all laboratory-adapted and field 
strains tested. Furthermore, Ok*” erythrocytes, which express a 
basigin variant that has a weaker binding affinity for PfRh5, had 
reduced invasion efficiencies. Our discovery of a cross-strain 
dependency on a single extracellular receptor-ligand pair for 
erythrocyte invasion by P. falciparum provides a focus for new 
anti-malarial therapies. 

Among the many P. falciparum merozoite proteins that are 
believed to have a role in erythrocyte invasion, most attention has 
focused on two major parasite protein families: the EBAs and Rhs’. 
Although erythrocyte receptors have been identified for some of them 
(members of the glycophorin family are receptors for three EBAs'’and 
complement receptor 1 (CD35) has recently been identified as a recep- 
tor for PfRh4, ref. 4) none of these receptor-ligand pairs are essential in 
all parasite strains tested. PfRh5 is unique amongst the EBAs and Rhs 
because it cannot be deleted in any P. falciparum strain and is therefore 
apparently essential for parasite growth in blood stage culture*®. Both 
native and recombinant PfRh5 have been previously shown to bind 
erythrocytes through an unknown glycosylated receptor that is resist- 
ant to chymotrypsin, trypsin and neuraminidase treatment**”. 

To identify an erythrocyte receptor for PfRh5, we used a systematic 
screening approach by first compiling a library of abundant cell surface 
and secreted proteins expressed by human erythrocytes based on pub- 
lished proteomics data’®. Proteins for which the entire ectodomain was 
expected to be expressed as a soluble recombinant protein were 
selected (Supplementary Table 1), and expressed by mammalian cells 
(Supplementary Fig. 1). The 40 proteins within the erythrocyte ectodo- 
main protein library were then systematically screened using the 
AVEXIS assay (avidity-based extracellular interaction screen)'' for 
interactions with a recombinant PfRh5 protein, also produced by mam- 
malian cells. The AVEXIS assay is designed to detect direct low-affinity 
protein interactions between ectodomain fragments expressed as either 
biotin-tagged baits or highly avid pentameric f-lactamase-tagged 


preys'*’. The PfRh5 prey interacted with a single erythrocyte receptor 
bait (Fig. 1a, top panel) corresponding to the Ok blood group antigen, 
basigin (BSG, also known as CD147, EMMPRIN and M6, ref. 14). The 
same single interaction was identified in the reciprocal bait—prey ori- 
entation (Fig. 1a, lower panel). 

BSG is a member of the immunoglobulin superfamily (IgSF) and 
has been implicated in many biological functions including embryo 
implantation, spermatogenesis” and retinal development'’. BSG exists 
in both long (three IgSF domains, BSG-L) and short (two IgSF 
domains, BSG-S) splice isoforms (Fig. 1b) and although BSG-L was 
used in the screen, BSG-S is thought to be the major isoform expressed 
on erythrocytes. Binding experiments using domain deletions estab- 
lished that PfRh5 could interact with BSG-S and this required both 
domains because neither of the two BSG-S IgSF domains were indi- 
vidually able to bind PfRh5 (Fig. 1b and Supplementary Fig. 2). We 
showed that PfRh5 interacted directly with BSG-S and BSG-L using 
purified proteins and surface plasmon resonance (SPR). Both kinetic 
(Fig. 1c) and equilibrium (Supplementary Fig. 3) binding parameters 
for the interaction were derived using a 1:1 binding model and were in 
excellent agreement (Supplementary Table 2). These parameters are 
typical of extracellular protein interactions measured using this tech- 
nique'’. Removal of glycans from BSG either by mutating all predicted 
glycosylation motifs or by enzymatic treatment did not affect PfRh5 
binding (Supplementary Fig. 4), indicating that the PfRh5 binding site 
is solely located in the BSG protein core. BSG is also known to be 
resistant to trypsin and chymotrypsin treatment'*, consistent with 
previous PfRh5-erythocyte binding studies®*”. 

To determine whether the PfRh5-BSG interaction was required for 
invasion, we added purified pentamerized soluble BSG-S into invasion 
assays to specifically compete with the membrane-bound receptor. We 
found that BSG-S strongly inhibited invasion in a dose-dependent 
manner relative to controls which included each of the two non-binding 
BSG-S IgSF domains added individually (Fig. 2a). Strong inhibition was 
also observed across multiple strains (Fig. 2b) or when soluble BSG-L 
was added (Supplementary Fig. 5), although this was slightly weaker for 
the 3D7 strain. Soluble forms of BSG consisting of the extracellular 
regions are known to have biological effects such as upregulation of 
matrix metalloproteases’’. To rule out an indirect effect of exogenous 
BSG on invasion, we added to invasion assays two independent purified 
anti-BSG monoclonal antibodies (MEM-M6/6 and TRA-1-85) which 
could both block the PfRh5—BSG interaction in vitro (data not shown). 
These high-affinity reagents gave a potent invasion blocking effect that 
was saturable at very low antibody concentrations (half-maximum 
inhibitory concentration ~ 0.5 1g ml‘), consistent with binding and 
occluding a specific surface receptor of typical abundance (~10* to 10° 
molecules per cell”°) (Fig. 2c). Pre-adsorption of the MEM-M6/6 
antibody with soluble monomeric BSG specifically relieved the inhibi- 
tion, ruling out any indirect effect of the antibody on non-BSG targets; 
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Figure 1 | BSG is an erythrocyte receptor for PfRh5. a, PfRh5 was screened as 
either a prey (top panel) or a bait (bottom panel) against an erythrocyte 
receptor protein library using AVEXIS. BSG (protein 9) was identified as a 
receptor for PfRh5 in both bait-prey orientations. b, Domain structure of the 
BSG isoforms (left); lollipops represent potential N-linked glycosylation sites. 
BSG regions were expressed as baits and used to map the PfRh5 binding site to 
the two membrane-proximal domains. Bar charts show mean + s.e.m.; 1 = 3. 
c, Biophysical analysis of the PfRh5-BSG-S interaction using SPR. The 
indicated concentrations of purified PfRh5 were injected over immobilised 
BSG, and biophysical parameters derived from a 1:1 binding model (red line). 
RU, response units. 


furthermore, MEM-M6/6 did not affect intra-erythrocytic P. falciparum 
development (Supplementary Fig. 6). Invasion was quantified using 
flow cytometry and a fluorescent DNA dye to stain parasites”’. Using 
this assay, apparent invasion could not be eliminated, with efficiencies 


LETTER 


reduced to a maximum of 80-90%, even at much higher concentra- 
tions of antibody (up to 1.5 mg ml | of MEM-M6/6, data not shown); 
however, direct observation of parasites using Giemsa-stained 
thin smears revealed that this residual staining in cytometry assays 
was due to extracellular parasites and debris in the culture. Using 
microscopy-based assays, we found that MEM-M6/6 concentrations 
of 10 4g ml ' or more was sufficient to prevent all detectable invasion 
(Fig. 2d). 

P. falciparum isolates can vary widely in their ability to invade 
erythrocytes treated with different receptor-modifying enzymes such 
as trypsin, chymotrypsin and neuraminidase, showing differential 
dependencies on erythrocyte receptors for invasion. To determine if 
BSG was a critical invasion receptor across P. falciparum lines that use 
different invasion pathways, we tested the ability of MEM-M6/6 to 
block erythrocyte invasion on nine culture-adapted strains represent- 
ing seven different PfRh5 sequence variants (Supplementary Table 3). 
We observed that the invasion of all lines was potently inhibited by 
MEM-M6/6 (Fig. 2e). To show that the dependency on BSG was not an 
unusual feature of culture-adapted lines, we also tested six freshly- 
isolated P. falciparum strains from Senegal” and again observed a 
potent inhibitory effect (Fig. 2f). Assays with the field isolates were 
carried out with unsynchronised parasites, decreasing the overall 
inhibitory effect because not all parasites had reinvaded over the 
course of the assay. All six Senegal isolates, however, were inhibited 
by MEM-M6/6 to the same extent as an unsynchronised culture- 
adapted line, W2mef, tested at the same time. This demonstrated that 
freshly-isolated field strains have the same dependency on BSG as 
laboratory-adapted lines (Fig. 2f). 

To confirm independently the essentiality of BSG as a P. falciparum 
invasion receptor, we used a genetic approach by differentiating 
erythrocytes from haematopoietic stem cells transduced with lenti- 
viruses containing either a short hairpin RNA targeting BSG or a 
scrambled shRNA control (pLKO). BSG-targeted erythrocytes 
showed a reproducible knockdown to approximately 50 to 60% of 
cell surface BSG levels relative to the pLKO control (Fig. 2g) and 
expressed markers indicative of complete erythrocyte maturation 
(Supplementary Fig. 7). The invasion of both the 3D7 and W2mef 
P. falciparum strains into BSG-knockdown erythrocytes was signifi- 
cantly reduced compared to the control (18% versus 94% for 3D7 and 
14% versus 103% for W2mef, Fig. 2h). By contrast, previous knock- 
down of GYPA, the major surface sialoglycoprotein, significantly 
inhibited the W2mef but not the 3D7 strain’. The inhibition of 
erythrocyte invasion by multiple P. falciparum strains using soluble 
BSG, anti-BSG monoclonal antibodies, or knockdown of BSG 
surface expression suggests that BSG is a critical host receptor for 
P. falciparum invasion. 

Malaria is thought to have been a strong selective pressure in human 
evolutionary history and given the apparently essential roles of PfRh5 
and BSG in P. falciparum invasion we sought to determine if any 
human populations contained genetic variants in BSG that might 
affect PfRh5 binding and invasion. Five nonsynonymous single nuc- 
leotide polymorphisms (SNPs) have been described within the BSG-S 
IgSF domains (Supplementary Table 4 and Fig. 3a). These variants 
were expressed and the biophysical PfRh5 binding parameters deter- 
mined using SPR. Equilibrium measurements showed that two var- 
iants had lower binding affinity compared to the BSG reference 
sequence: L90P and E92K (Fig. 3b and Supplementary Table 2). 
L90P did not interact with PfRh5 and binding profiles of several 
anti-BSG monoclonal antibodies indicated local misfolding of the 
membrane-distal IgSF domain (Supplementary Fig. 8). No verification 
or population frequency data for this SNP are currently available, 
preventing further biological interpretation of this variant. E92K had 
a twofold lower affinity for PfRh5 (Fig. 3b) and a comparative kinetic 
analysis demonstrated that this was due to both a slower association 
and a faster dissociation rate (Fig. 3c and Supplementary Table 2). The 
E92 residue is solvent-exposed and located within the loop connecting 
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Figure 2 | Soluble BSG, anti-BSG antibodies and BSG knockdown potently 
block erythrocyte invasion. a, Erythrocyte invasion was inhibited by purified 
pentamerized BSG-S-Cd4d3 +4-COMP-His ectodomains but not by the two 
non-binding BSG-S domains added individually or Cd4d3 +4-COMP-His 
(control); strain Dd2. b, Cross-strain inhibition of invasion using pentamerized 
BSG-S. c, Anti-BSG monoclonal antibodies, TRA-1-85 and MEM-M6/6, 
potently inhibited invasion of erythrocytes; strain 3D7. d, MEM-M6/6 
concentrations = 10 j1g ml‘ prevented all detectable invasion by microscopic 
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Figure 3 | The Ok*” BSG variant has reduced binding affinity for PfRh5 
and Ok’ erythrocytes have reduced merozoite invasion frequencies. 

a, Schematic of the membrane distal IgSF domain of BSG-S showing the 
location of naturally-occurring variants. b, Equilibrium binding isotherms of 
PfRh5 binding to BSG-S variants. c, Association (k,) and dissociation (kg) rate 
constants of PfRh5 binding to BSG-S and variants. Means + s.e.m.; = 3. 

d, Invasion of 3D7 and Dd2 strains in Ok* blood cells are reduced relative to 
the Ok** control. Mean + s.e.m., n = 3; *P < 0.0003; #P = 0.0349, unpaired 
one-tailed t test. A repeat is shown in Supplementary Fig. 9. 
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observation of cultures; strain 3D7. e, £, MEM-M6/6 inhibited invasion of 
synchronised P. falciparum culture-adapted lines (e) and unsynchronised field 
isolates (f). g, Cell-surface BSG is reduced in erythrocytes differentiated from 
haematopoietic stem cells transduced with lentiviruses containing shRNA 
targeting BSG (light blue line) relative to a control virus (pLKO, shaded); black 
line represents secondary antibody alone. h, 3D7 and W2mef invasion was 
inhibited in BSG knockdown erythrocytes. A and B are replicates. Invasion 
efficiencies are mean + s.e.m., n = 3. 


the F-G f-strands close to the glycan-free GFC f-sheet, consistent 
with a possible PfRh5-binding interface (Fig. 3a). E92K is the variant 
responsible for the Ok* blood group, which has been described in eight 
Japanese families'*, Ok*” erythrocytes from two unrelated donors 
showed reduced invasion with both 3D7 and Dd2 P. falciparum strains 
relative to Ok** controls (Fig. 3d and Supplementary Fig. 9), correlating 
with the reduced affinity of the Ok" variant for PfRh5. The extreme 
rarity and restriction of the Ok*” blood group to Japanese individuals 
suggest that this specific allele has not had a major role in conferring 
resistance to malaria. It is possible that other BSG polymorphisms, as 
yet unknown, have evolved in some malaria-exposed populations as a 
mechanism of resistance to P. falciparum. The search for functional 
polymorphisms of BSG needs to go beyond gene coding regions as the 
results of our knockdown experiments indicate that expression levels of 
BSG at the erythrocyte surface influence the ability of the parasite to 
invade. The Duffy variant, which confers resistance to P. vivax, is also a 
non-coding regulatory polymorphism that suppresses expression of the 
invasion receptor by erythrocytes. Our ability to address this problem is 
currently limited by the lack of data on genome variation among the 
many different ethnic groups that are exposed to P. falciparum malaria, 
but will be greatly enhanced by the 1000 Genomes Project, MalariaGEN 
and other genetic studies that are now in progress in Africa and other 
malaria-endemic regions of the world***®. Inter-population com- 
parisons of haplotype length and frequency provide a potentially 
powerful way of addressing this problem”, and there is preliminary 
evidence that a region of chromosome 19 encompassing BSG and 
several neighbouring genes has undergone recent positive selection in 
West Africa, but a considerable amount of further work is needed to 
determine whether this is causally related to the role of BSG as a malaria 
invasion receptor (MalariaGEN consortium, unpublished data). 

In summary, we have applied a systematic protein interaction 
screening approach (AVEXIS) to identify BSG as an erythrocyte recep- 
tor for PfRh5. Importantly, we were able to prevent all detectable 
erythrocyte invasion by every P. falciparum strain that we tested 
using only modest concentrations of anti-BSG antibodies. These 
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observations, coupled with the inability to delete PfRh5°, lead us to 
conclude that the interaction between BSG and PfRh5 is essential for 
parasite entry, and may perform a fundamentally different function to 
the other EBA and Rh proteins, which are involved in redundant, 
partially overlapping invasion pathways. The dependence on a single 
receptor-ligand pair across many P. falciparum strains may provide 
new possibilities for therapeutic intervention. 


METHODS SUMMARY 

Recombinant protein production and interaction screening. Protein produc- 
tion, purification, AVEXIS assays and SPR were performed essentially as 
described'' except the type II proteins which were expressed with an amino- 
terminal Cd4d3+4-biotin tag and a mouse antibody signal peptide. PfRh5 was 
expressed as above except that a non-endogenous signal peptide was added and 
the threonines in potential N-linked glycan sequons were mutated to alanine to 
prevent inappropriate glycosylation. All constructs were chemically synthesized 
and codon optimised for mammalian expression (GeneArt AG). Purified penta- 
meric proteins used in invasion assays were made by replacing the f-lactamase 
reporter in the prey plasmid with a hexa-his tag, purified and buffer exchanged 
into RPMI before use. BSG variants were produced by site directed mutagenesis. 
P. falciparum culture, lentiviral transduction and invasion assays. P. falciparum 
parasite strains were routinely cultured in human O+ erythrocytes at 5% 
haematocrit. Use of erythrocytes from human donors for P. falciparum culture 
was approved by the NHS Cambridgeshire 4 Research Ethics Committee. Ok*~ 
and control Ok** blood was obtained from donors in Japan with informed consent, 
shipped on ice and experiments performed within 72 h. Invasion assays were carried 
out as described previously”' using the two-colour assay for the Ok" experiment. 
Lentiviral transduction of HSCs was performed as previously described”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Recombinant protein production. Proteins selected for expression included all 
type I, type II, GPI (glycophosphatidylinositol)-linked receptors and secreted 
proteins. Some multipass transmembrane proteins were also included where there 
was an extracellular N terminus preceded by a signal peptide (Supplementary 
Table 1). Individual domains of human BSG were produced by identifying domain 
boundaries using the structure of the BSG extracellular region**” and amplifying 
these regions using primers with flanking Notl and Ascl restriction enzyme sites to 
facilitate cloning. The carboxy-terminal amino acid sequence of the BSG-d0+1 
and BSG-d1 constructs was HGPP. BSG-d2 was cloned into the same vector as 
PfRh5 to add an exogenous signal peptide required for protein secretion and 
encompassed the sequence between PPRV.. and ..RSHL. Glycosylation sites were 
removed in BSG by mutating codons encoding all three asparagines in glycosyla- 
tion motifs to aspartic acid. To remove N-linked glycans from soluble recombinant 
BSG, 500 units of PNGase F (New England Biolabs) were added to 10 ll of a spent 
tissue culture supernatant and incubated for 15 min at 37 °C. Sialic acid residues 
were removed by adding 1.6 milli-units of Vibrio cholerae neuraminidase (Sigma) 
to 10 pl of a spent tissue culture supernatant and incubated for 15 min at 37 °C. 
Interaction screening by AVEXIS. For the AVEXIS assay, bait and prey protein 
preparations were normalized to activities that have been previously shown to 
detect transient interactions (monomeric half-lives less than 0.1 s) with a low false 
positive rate’’. Biotinylated baits dialysed against HBS were immobilised in the 
wells of a streptavidin-coated 96-well microtitre plate (NUNC). Normalized preys 
were added, incubated for 2h at room temperature, washed three times in HBS/ 
0.1% Tween-20, and once in HBS. 125 ug ml! of nitrocefin was added, and 
absorbance values measured at 485 nm on a Pherastar plus (BMG laboratories). 
Controls were essentially as described’* and included the Cd4d3 +4 tag alone as a 
negative control bait and a biotinylated anti-Cd4 (anti-prey) antibody as a prey 
capture positive control. A positive control interaction consisting of the rat Cd200 
bait detected using the rat Cd200R prey used at the threshold level and both 1:10 
and 1:100 dilutions was included on each plate. The negative (—) and positive (+) 
control interactions shown in Fig. 1a are the rat Cd200R prey used at the screening 
threshold probed against the Cd4d3+4 (—) or rat Cd200 (+) baits. 

P. falciparum culture, characterization and invasion assays. All P. falciparum 
parasite strains were routinely cultured in human O+ erythrocytes at 5% 
haematocrit in complete medium (RPMI-1640 containing 10% human serum), 
under an atmosphere of 1% O2, 3% CO, and 96% N>. To confirm their identity, 
laboratory-adapted strains were genotyped by PCR within polymorphic regions of 
the msp1 and msp2 genes”. Parasite cultures were synchronized in early stages 
with 5% (w/v) D-sorbitol (Sigma). Use of erythrocytes from human donors for 
P. falciparum culture was approved by the NHS Cambridgeshire 4 Research Ethics 
Committee. Ok" blood was obtained from donors in Japan with informed con- 
sent, and shipped on ice. For each sample, a control Ok** sample was collected at 
the same time under identical conditions. All experiments were performed within 
72h of collection. 

Invasion assays were carried out in round-bottom 96-well plates, with a culture 
volume of 100 ul per well at a haematocrit of 2%. Parasites in trophozoite stage 
were mixed with pentamerized BSG-S-Cd4d3+4-COMP-His ectodomains or 
with anti-BSG monoclonal antibodies and incubated in the plates for 24h at 
37 °C inside a static incubator culture chamber (VWR), gassed with 1% O2, 3% 
CO, and 96% Nb. At the end of the incubation period, red blood cells (RBC) were 
collected and parasitized RBC (pRBC) were stained with 21M Hoechst 33342 
(Invitrogen), as described previously~'. Invasion assays using Ok" blood and 
control Ok** blood were carried out following the two-colour flow cytometric 
assay described in ref. 21. Briefly, Ok" blood and control Ok** blood were 
labelled with 1044.M DDAO-SE (Invitrogen). RBC were resuspended to 2% 
haematocrit, mixed with pRBC (ring stage) and incubated in 96-well plates for 
48 h as described above. At the end of the incubation period, RBC were harvested 
and pRBC were stained with 2 uM Hoechst 33342. Standard blood smear micro- 
scopy was performed to determine parasitaemia. Briefly, a small aliquot of the 
culture was smeared on a glass slide, fixed with 100% methanol and stained with 
Field’s Stain (Pro-Lab Diagnostics). Parasitaemia was determined by counting the 
number of parasitized pRBC per 2,000 total RBC examined by oil immersion with 
a Leica DME microscope (Leica Microsystems). All parasitaemia represented was 
the average of three replicates. Lentiviral transductions of HSCs was performed as 
previously described’’. Lentiviral-delivered shRNA sequences were BSG; TRC 
clone ID (TRCN0000006736) hairpin sequence: 5'-GAAGTCGTCAGAACACA 
TCAACTCGAGTTGATGTGTTCTGACGACTTC-3’, pLKO scrambled control; 
(Addgene plasmid 1864) hairpin sequence: 5'-CCTAAGGTTAAGTCGCCCTC 
GCTCGAGCGAGGGCGACTTAACCTTAGG-3’; loop region indicated in bold. 


Detailed Standard Operating Procedures for all invasion assays are available at 
http://www.sanger.ac.uk/research/. 

Flow cytometry. Stained samples were examined with a 355-nm ultraviolet laser 
(20 mW) and a 633-nm red laser (17 mW) on a BD LSRII flow cytometer (BD 
Biosciences). Hoechst 33342 (Invitrogen) was excited using the ultraviolet laser 
and detected with a 450/50 filter, whereas DDAO-SE (Invitrogen) was excited 
using the red laser and detected with a 660/20 filter. BD FACS Diva (BD 
Biosciences) was used to collect 100,000 events for each sample. FSC and SSC 
voltages of 423 and 198, respectively, and a threshold of 2,000 on FSC were applied 
to gate the erythrocyte population. The data collected were further analysed with 
FlowJo (Tree Star). All experiments were carried out in triplicate. GraphPad Prism 
(GraphPad Software) was used to plot the generated parasitaemia data. 

PfRh5 cloning and sequencing. Total RNA was extracted from 3D7 and FCR3 
schizonts using the QlIAamp RNA Blood Mini Kit (Qiagen). Isolated RNA was 
treated with TURBO DNase (Ambion) and reverse transcribed to cDNA using the 
High-Capacity cDNA Archive Kit (Applied Biosystems) following the manufac- 
turer’s instructions. A 10 tl aliquot of cDNA was used as a template in a standard 
PCR reaction, using the primers Rh5-F (5'-ATGATAAGAATAAAAAAAAA 
ATTAATTTTGACCATT-3’) and Rh5-R (5'-TCATTGTGTAAGTGGTTTAT 
TTTTTTTATATGTTTG-3’). Amplified fragments were subcloned into 
pCR2.1-TOPO, using the TOPO TA Cloning Kit (Invitrogen) and three clones 
from each strain were sequenced and analysed. 

Antibodies. Antibodies were obtained from the following suppliers: anti-rat 
Cd4d3+4 (OX68) (AbD Serotec), anti-CD59 (AbD Serotec), mouse IgG, control 
(Abcam). Anti-BSG monoclonal antibodies used were 8J251 (Lifespan Biosciences), 
MEM-M6/1 (Abcam) and TRA-1-85 (R&D systems). MEM-M6/6 was provided as 
an ascitic fluid and was a gift of V. Horejsi; the antibody was purified using a HiTrap 
protein G column (GE Healthcare) as described*’ and exchanged into RPMI. 
Surface plasmon resonance. Surface plasmon resonance studies were performed 
using a Biacore T100 instrument. Briefly, biotinylated bait proteins were captured 
ona streptavidin-coated sensor chip (Biacore, GE Healthcare). Approximately 150 
response units (RU) of the negative control bait (biotinylated rat Cd4d3+4) were 
immobilised in the flow cell used as a reference and approximate molar equivalents 
of the query protein immobilised in other flow cells. Purified analyte proteins were 
separated by gel filtration just before use in SPR experiments to remove small 
amounts of protein aggregates which are known to influence kinetic binding 
measurements”. Increasing concentrations of purified proteins were injected at 
high flow rates (100 tl min” ') to minimise rebinding effects for kinetic studies or 
at 10,1min ' for equilibrium analysis. Although essentially all the bound PfRh5 
dissociated during the wash out phase (see Fig. 1c), the surface was ‘regenerated’ 
with a pulse of 2M NaCl at the end of each cycle. Duplicate injections of the same 
concentration in each experiment were superimposable, demonstrating no loss of 
activity after regenerating the surface. Both kinetic and equilibrium binding data 
were analysed in the manufacturer’s Biacore T100 evaluation software (Biacore). 
Equilibrium binding measurements were taken once equilibrium had been 
reached using reference-subtracted sensorgrams. Both the kinetic and equilibrium 
binding studies involving BSG-S and variants were performed three times using 
independent protein preparations of both PfRh5 and the BSG proteins, and once 
for BSG-L and its variants. All experiments were performed at 37 °C. 
Enzyme-linked immunosorbent assay (ELISA). Biotinylated ectodomains were 
immobilized on streptavidin-coated plates (Nunc) for 1h before incubation for 
90 min with 10 pg ml”! primary antibody. The plates were washed in HBS/0.1% 
Tween-20 (HBST) before incubation with an appropriate secondary antibody 
conjugated to alkaline phosphatase (Sigma). Plates were washed three times in 
HBST and once in HBS before adding 100 kl p-nitrophenyl phosphate (Sigma 104 
alkaline phosphatase substrate) at 1 mg ml. Optical density measurements were 
taken at 405 nm ona Pherastar plus (BMG laboratories). The whole procedure was 
performed at room temperature. 
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Basigin is a receptor essential for erythrocyte 
invasion by Plasmodium falciparum 


Cécile Crosnier!*, Leyla Y. Bustamante2*, S. Josefin Bartholdson'*, Amy K. Bei’, Michel Theron’, Makoto Uchikawa’*, 
Souleymane Mboup”, Omar Ndir°®, Dominic P. Kwiatkowski*®, Manoj T. Duraisingh’, Julian C. Rayner” & Gavin J. Wright)? 


Erythrocyte invasion by Plasmodium falciparum is central to the 
pathogenesis of malaria. Invasion requires a series of extracellular 
recognition events between erythrocyte receptors and ligands on 
the merozoite, the invasive form of the parasite. None of the few 
known receptor-ligand interactions involved’* are required in all 
parasite strains, indicating that the parasite is able to access mul- 
tiple redundant invasion pathways’. Here, we show that we have 
identified a receptor-ligand pair that is essential for erythrocyte 
invasion in all tested P. falciparum strains. By systematically 
screening a library of erythrocyte proteins, we have found that 
the Ok blood group antigen, basigin, is a receptor for PfRh5, a 
parasite ligand that is essential for blood stage growth®. 
Erythrocyte invasion was potently inhibited by soluble basigin or 
by basigin knockdown, and invasion could be completely blocked 
using low concentrations of anti-basigin antibodies; importantly, 
these effects were observed across all laboratory-adapted and field 
strains tested. Furthermore, Ok*” erythrocytes, which express a 
basigin variant that has a weaker binding affinity for PfRh5, had 
reduced invasion efficiencies. Our discovery of a cross-strain 
dependency on a single extracellular receptor-ligand pair for 
erythrocyte invasion by P. falciparum provides a focus for new 
anti-malarial therapies. 

Among the many P. falciparum merozoite proteins that are 
believed to have a role in erythrocyte invasion, most attention has 
focused on two major parasite protein families: the EBAs and Rhs’. 
Although erythrocyte receptors have been identified for some of them 
(members of the glycophorin family are receptors for three EBAs'’and 
complement receptor 1 (CD35) has recently been identified as a recep- 
tor for PfRh4, ref. 4) none of these receptor-ligand pairs are essential in 
all parasite strains tested. PfRh5 is unique amongst the EBAs and Rhs 
because it cannot be deleted in any P. falciparum strain and is therefore 
apparently essential for parasite growth in blood stage culture*®. Both 
native and recombinant PfRh5 have been previously shown to bind 
erythrocytes through an unknown glycosylated receptor that is resist- 
ant to chymotrypsin, trypsin and neuraminidase treatment**”. 

To identify an erythrocyte receptor for PfRh5, we used a systematic 
screening approach by first compiling a library of abundant cell surface 
and secreted proteins expressed by human erythrocytes based on pub- 
lished proteomics data’®. Proteins for which the entire ectodomain was 
expected to be expressed as a soluble recombinant protein were 
selected (Supplementary Table 1), and expressed by mammalian cells 
(Supplementary Fig. 1). The 40 proteins within the erythrocyte ectodo- 
main protein library were then systematically screened using the 
AVEXIS assay (avidity-based extracellular interaction screen)'' for 
interactions with a recombinant PfRh5 protein, also produced by mam- 
malian cells. The AVEXIS assay is designed to detect direct low-affinity 
protein interactions between ectodomain fragments expressed as either 
biotin-tagged baits or highly avid pentameric f-lactamase-tagged 


preys'*’. The PfRh5 prey interacted with a single erythrocyte receptor 
bait (Fig. 1a, top panel) corresponding to the Ok blood group antigen, 
basigin (BSG, also known as CD147, EMMPRIN and M6, ref. 14). The 
same single interaction was identified in the reciprocal bait—prey ori- 
entation (Fig. 1a, lower panel). 

BSG is a member of the immunoglobulin superfamily (IgSF) and 
has been implicated in many biological functions including embryo 
implantation, spermatogenesis” and retinal development'’. BSG exists 
in both long (three IgSF domains, BSG-L) and short (two IgSF 
domains, BSG-S) splice isoforms (Fig. 1b) and although BSG-L was 
used in the screen, BSG-S is thought to be the major isoform expressed 
on erythrocytes. Binding experiments using domain deletions estab- 
lished that PfRh5 could interact with BSG-S and this required both 
domains because neither of the two BSG-S IgSF domains were indi- 
vidually able to bind PfRh5 (Fig. 1b and Supplementary Fig. 2). We 
showed that PfRh5 interacted directly with BSG-S and BSG-L using 
purified proteins and surface plasmon resonance (SPR). Both kinetic 
(Fig. 1c) and equilibrium (Supplementary Fig. 3) binding parameters 
for the interaction were derived using a 1:1 binding model and were in 
excellent agreement (Supplementary Table 2). These parameters are 
typical of extracellular protein interactions measured using this tech- 
nique'’. Removal of glycans from BSG either by mutating all predicted 
glycosylation motifs or by enzymatic treatment did not affect PfRh5 
binding (Supplementary Fig. 4), indicating that the PfRh5 binding site 
is solely located in the BSG protein core. BSG is also known to be 
resistant to trypsin and chymotrypsin treatment'*, consistent with 
previous PfRh5-erythocyte binding studies®*”. 

To determine whether the PfRh5-BSG interaction was required for 
invasion, we added purified pentamerized soluble BSG-S into invasion 
assays to specifically compete with the membrane-bound receptor. We 
found that BSG-S strongly inhibited invasion in a dose-dependent 
manner relative to controls which included each of the two non-binding 
BSG-S IgSF domains added individually (Fig. 2a). Strong inhibition was 
also observed across multiple strains (Fig. 2b) or when soluble BSG-L 
was added (Supplementary Fig. 5), although this was slightly weaker for 
the 3D7 strain. Soluble forms of BSG consisting of the extracellular 
regions are known to have biological effects such as upregulation of 
matrix metalloproteases’’. To rule out an indirect effect of exogenous 
BSG on invasion, we added to invasion assays two independent purified 
anti-BSG monoclonal antibodies (MEM-M6/6 and TRA-1-85) which 
could both block the PfRh5—BSG interaction in vitro (data not shown). 
These high-affinity reagents gave a potent invasion blocking effect that 
was saturable at very low antibody concentrations (half-maximum 
inhibitory concentration ~ 0.5 1g ml‘), consistent with binding and 
occluding a specific surface receptor of typical abundance (~10* to 10° 
molecules per cell”°) (Fig. 2c). Pre-adsorption of the MEM-M6/6 
antibody with soluble monomeric BSG specifically relieved the inhibi- 
tion, ruling out any indirect effect of the antibody on non-BSG targets; 
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Figure 1 | BSG is an erythrocyte receptor for PfRh5. a, PfRh5 was screened as 
either a prey (top panel) or a bait (bottom panel) against an erythrocyte 
receptor protein library using AVEXIS. BSG (protein 9) was identified as a 
receptor for PfRh5 in both bait-prey orientations. b, Domain structure of the 
BSG isoforms (left); lollipops represent potential N-linked glycosylation sites. 
BSG regions were expressed as baits and used to map the PfRh5 binding site to 
the two membrane-proximal domains. Bar charts show mean + s.e.m.; 1 = 3. 
c, Biophysical analysis of the PfRh5-BSG-S interaction using SPR. The 
indicated concentrations of purified PfRh5 were injected over immobilised 
BSG, and biophysical parameters derived from a 1:1 binding model (red line). 
RU, response units. 


furthermore, MEM-M6/6 did not affect intra-erythrocytic P. falciparum 
development (Supplementary Fig. 6). Invasion was quantified using 
flow cytometry and a fluorescent DNA dye to stain parasites”’. Using 
this assay, apparent invasion could not be eliminated, with efficiencies 
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reduced to a maximum of 80-90%, even at much higher concentra- 
tions of antibody (up to 1.5 mg ml | of MEM-M6/6, data not shown); 
however, direct observation of parasites using Giemsa-stained 
thin smears revealed that this residual staining in cytometry assays 
was due to extracellular parasites and debris in the culture. Using 
microscopy-based assays, we found that MEM-M6/6 concentrations 
of 10 4g ml ' or more was sufficient to prevent all detectable invasion 
(Fig. 2d). 

P. falciparum isolates can vary widely in their ability to invade 
erythrocytes treated with different receptor-modifying enzymes such 
as trypsin, chymotrypsin and neuraminidase, showing differential 
dependencies on erythrocyte receptors for invasion. To determine if 
BSG was a critical invasion receptor across P. falciparum lines that use 
different invasion pathways, we tested the ability of MEM-M6/6 to 
block erythrocyte invasion on nine culture-adapted strains represent- 
ing seven different PfRh5 sequence variants (Supplementary Table 3). 
We observed that the invasion of all lines was potently inhibited by 
MEM-M6/6 (Fig. 2e). To show that the dependency on BSG was not an 
unusual feature of culture-adapted lines, we also tested six freshly- 
isolated P. falciparum strains from Senegal” and again observed a 
potent inhibitory effect (Fig. 2f). Assays with the field isolates were 
carried out with unsynchronised parasites, decreasing the overall 
inhibitory effect because not all parasites had reinvaded over the 
course of the assay. All six Senegal isolates, however, were inhibited 
by MEM-M6/6 to the same extent as an unsynchronised culture- 
adapted line, W2mef, tested at the same time. This demonstrated that 
freshly-isolated field strains have the same dependency on BSG as 
laboratory-adapted lines (Fig. 2f). 

To confirm independently the essentiality of BSG as a P. falciparum 
invasion receptor, we used a genetic approach by differentiating 
erythrocytes from haematopoietic stem cells transduced with lenti- 
viruses containing either a short hairpin RNA targeting BSG or a 
scrambled shRNA control (pLKO). BSG-targeted erythrocytes 
showed a reproducible knockdown to approximately 50 to 60% of 
cell surface BSG levels relative to the pLKO control (Fig. 2g) and 
expressed markers indicative of complete erythrocyte maturation 
(Supplementary Fig. 7). The invasion of both the 3D7 and W2mef 
P. falciparum strains into BSG-knockdown erythrocytes was signifi- 
cantly reduced compared to the control (18% versus 94% for 3D7 and 
14% versus 103% for W2mef, Fig. 2h). By contrast, previous knock- 
down of GYPA, the major surface sialoglycoprotein, significantly 
inhibited the W2mef but not the 3D7 strain’. The inhibition of 
erythrocyte invasion by multiple P. falciparum strains using soluble 
BSG, anti-BSG monoclonal antibodies, or knockdown of BSG 
surface expression suggests that BSG is a critical host receptor for 
P. falciparum invasion. 

Malaria is thought to have been a strong selective pressure in human 
evolutionary history and given the apparently essential roles of PfRh5 
and BSG in P. falciparum invasion we sought to determine if any 
human populations contained genetic variants in BSG that might 
affect PfRh5 binding and invasion. Five nonsynonymous single nuc- 
leotide polymorphisms (SNPs) have been described within the BSG-S 
IgSF domains (Supplementary Table 4 and Fig. 3a). These variants 
were expressed and the biophysical PfRh5 binding parameters deter- 
mined using SPR. Equilibrium measurements showed that two var- 
iants had lower binding affinity compared to the BSG reference 
sequence: L90P and E92K (Fig. 3b and Supplementary Table 2). 
L90P did not interact with PfRh5 and binding profiles of several 
anti-BSG monoclonal antibodies indicated local misfolding of the 
membrane-distal IgSF domain (Supplementary Fig. 8). No verification 
or population frequency data for this SNP are currently available, 
preventing further biological interpretation of this variant. E92K had 
a twofold lower affinity for PfRh5 (Fig. 3b) and a comparative kinetic 
analysis demonstrated that this was due to both a slower association 
and a faster dissociation rate (Fig. 3c and Supplementary Table 2). The 
E92 residue is solvent-exposed and located within the loop connecting 
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Figure 2 | Soluble BSG, anti-BSG antibodies and BSG knockdown potently 
block erythrocyte invasion. a, Erythrocyte invasion was inhibited by purified 
pentamerized BSG-S-Cd4d3 +4-COMP-His ectodomains but not by the two 
non-binding BSG-S domains added individually or Cd4d3 +4-COMP-His 
(control); strain Dd2. b, Cross-strain inhibition of invasion using pentamerized 
BSG-S. c, Anti-BSG monoclonal antibodies, TRA-1-85 and MEM-M6/6, 
potently inhibited invasion of erythrocytes; strain 3D7. d, MEM-M6/6 
concentrations = 10 j1g ml‘ prevented all detectable invasion by microscopic 
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Figure 3 | The Ok*” BSG variant has reduced binding affinity for PfRh5 
and Ok’ erythrocytes have reduced merozoite invasion frequencies. 

a, Schematic of the membrane distal IgSF domain of BSG-S showing the 
location of naturally-occurring variants. b, Equilibrium binding isotherms of 
PfRh5 binding to BSG-S variants. c, Association (k,) and dissociation (kg) rate 
constants of PfRh5 binding to BSG-S and variants. Means + s.e.m.; = 3. 

d, Invasion of 3D7 and Dd2 strains in Ok* blood cells are reduced relative to 
the Ok** control. Mean + s.e.m., n = 3; *P < 0.0003; #P = 0.0349, unpaired 
one-tailed t test. A repeat is shown in Supplementary Fig. 9. 
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observation of cultures; strain 3D7. e, £, MEM-M6/6 inhibited invasion of 
synchronised P. falciparum culture-adapted lines (e) and unsynchronised field 
isolates (f). g, Cell-surface BSG is reduced in erythrocytes differentiated from 
haematopoietic stem cells transduced with lentiviruses containing shRNA 
targeting BSG (light blue line) relative to a control virus (pLKO, shaded); black 
line represents secondary antibody alone. h, 3D7 and W2mef invasion was 
inhibited in BSG knockdown erythrocytes. A and B are replicates. Invasion 
efficiencies are mean + s.e.m., n = 3. 


the F-G f-strands close to the glycan-free GFC f-sheet, consistent 
with a possible PfRh5-binding interface (Fig. 3a). E92K is the variant 
responsible for the Ok* blood group, which has been described in eight 
Japanese families'*, Ok*” erythrocytes from two unrelated donors 
showed reduced invasion with both 3D7 and Dd2 P. falciparum strains 
relative to Ok** controls (Fig. 3d and Supplementary Fig. 9), correlating 
with the reduced affinity of the Ok" variant for PfRh5. The extreme 
rarity and restriction of the Ok*” blood group to Japanese individuals 
suggest that this specific allele has not had a major role in conferring 
resistance to malaria. It is possible that other BSG polymorphisms, as 
yet unknown, have evolved in some malaria-exposed populations as a 
mechanism of resistance to P. falciparum. The search for functional 
polymorphisms of BSG needs to go beyond gene coding regions as the 
results of our knockdown experiments indicate that expression levels of 
BSG at the erythrocyte surface influence the ability of the parasite to 
invade. The Duffy variant, which confers resistance to P. vivax, is also a 
non-coding regulatory polymorphism that suppresses expression of the 
invasion receptor by erythrocytes. Our ability to address this problem is 
currently limited by the lack of data on genome variation among the 
many different ethnic groups that are exposed to P. falciparum malaria, 
but will be greatly enhanced by the 1000 Genomes Project, MalariaGEN 
and other genetic studies that are now in progress in Africa and other 
malaria-endemic regions of the world***®. Inter-population com- 
parisons of haplotype length and frequency provide a potentially 
powerful way of addressing this problem”, and there is preliminary 
evidence that a region of chromosome 19 encompassing BSG and 
several neighbouring genes has undergone recent positive selection in 
West Africa, but a considerable amount of further work is needed to 
determine whether this is causally related to the role of BSG as a malaria 
invasion receptor (MalariaGEN consortium, unpublished data). 

In summary, we have applied a systematic protein interaction 
screening approach (AVEXIS) to identify BSG as an erythrocyte recep- 
tor for PfRh5. Importantly, we were able to prevent all detectable 
erythrocyte invasion by every P. falciparum strain that we tested 
using only modest concentrations of anti-BSG antibodies. These 
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observations, coupled with the inability to delete PfRh5°, lead us to 
conclude that the interaction between BSG and PfRh5 is essential for 
parasite entry, and may perform a fundamentally different function to 
the other EBA and Rh proteins, which are involved in redundant, 
partially overlapping invasion pathways. The dependence on a single 
receptor-ligand pair across many P. falciparum strains may provide 
new possibilities for therapeutic intervention. 


METHODS SUMMARY 

Recombinant protein production and interaction screening. Protein produc- 
tion, purification, AVEXIS assays and SPR were performed essentially as 
described'' except the type II proteins which were expressed with an amino- 
terminal Cd4d3+4-biotin tag and a mouse antibody signal peptide. PfRh5 was 
expressed as above except that a non-endogenous signal peptide was added and 
the threonines in potential N-linked glycan sequons were mutated to alanine to 
prevent inappropriate glycosylation. All constructs were chemically synthesized 
and codon optimised for mammalian expression (GeneArt AG). Purified penta- 
meric proteins used in invasion assays were made by replacing the f-lactamase 
reporter in the prey plasmid with a hexa-his tag, purified and buffer exchanged 
into RPMI before use. BSG variants were produced by site directed mutagenesis. 
P. falciparum culture, lentiviral transduction and invasion assays. P. falciparum 
parasite strains were routinely cultured in human O+ erythrocytes at 5% 
haematocrit. Use of erythrocytes from human donors for P. falciparum culture 
was approved by the NHS Cambridgeshire 4 Research Ethics Committee. Ok*~ 
and control Ok** blood was obtained from donors in Japan with informed consent, 
shipped on ice and experiments performed within 72 h. Invasion assays were carried 
out as described previously”' using the two-colour assay for the Ok" experiment. 
Lentiviral transduction of HSCs was performed as previously described”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Recombinant protein production. Proteins selected for expression included all 
type I, type II, GPI (glycophosphatidylinositol)-linked receptors and secreted 
proteins. Some multipass transmembrane proteins were also included where there 
was an extracellular N terminus preceded by a signal peptide (Supplementary 
Table 1). Individual domains of human BSG were produced by identifying domain 
boundaries using the structure of the BSG extracellular region**” and amplifying 
these regions using primers with flanking Notl and Ascl restriction enzyme sites to 
facilitate cloning. The carboxy-terminal amino acid sequence of the BSG-d0+1 
and BSG-d1 constructs was HGPP. BSG-d2 was cloned into the same vector as 
PfRh5 to add an exogenous signal peptide required for protein secretion and 
encompassed the sequence between PPRV.. and ..RSHL. Glycosylation sites were 
removed in BSG by mutating codons encoding all three asparagines in glycosyla- 
tion motifs to aspartic acid. To remove N-linked glycans from soluble recombinant 
BSG, 500 units of PNGase F (New England Biolabs) were added to 10 ll of a spent 
tissue culture supernatant and incubated for 15 min at 37 °C. Sialic acid residues 
were removed by adding 1.6 milli-units of Vibrio cholerae neuraminidase (Sigma) 
to 10 pl of a spent tissue culture supernatant and incubated for 15 min at 37 °C. 
Interaction screening by AVEXIS. For the AVEXIS assay, bait and prey protein 
preparations were normalized to activities that have been previously shown to 
detect transient interactions (monomeric half-lives less than 0.1 s) with a low false 
positive rate’’. Biotinylated baits dialysed against HBS were immobilised in the 
wells of a streptavidin-coated 96-well microtitre plate (NUNC). Normalized preys 
were added, incubated for 2h at room temperature, washed three times in HBS/ 
0.1% Tween-20, and once in HBS. 125 ug ml! of nitrocefin was added, and 
absorbance values measured at 485 nm on a Pherastar plus (BMG laboratories). 
Controls were essentially as described’* and included the Cd4d3 +4 tag alone as a 
negative control bait and a biotinylated anti-Cd4 (anti-prey) antibody as a prey 
capture positive control. A positive control interaction consisting of the rat Cd200 
bait detected using the rat Cd200R prey used at the threshold level and both 1:10 
and 1:100 dilutions was included on each plate. The negative (—) and positive (+) 
control interactions shown in Fig. 1a are the rat Cd200R prey used at the screening 
threshold probed against the Cd4d3+4 (—) or rat Cd200 (+) baits. 

P. falciparum culture, characterization and invasion assays. All P. falciparum 
parasite strains were routinely cultured in human O+ erythrocytes at 5% 
haematocrit in complete medium (RPMI-1640 containing 10% human serum), 
under an atmosphere of 1% O2, 3% CO, and 96% N>. To confirm their identity, 
laboratory-adapted strains were genotyped by PCR within polymorphic regions of 
the msp1 and msp2 genes”. Parasite cultures were synchronized in early stages 
with 5% (w/v) D-sorbitol (Sigma). Use of erythrocytes from human donors for 
P. falciparum culture was approved by the NHS Cambridgeshire 4 Research Ethics 
Committee. Ok" blood was obtained from donors in Japan with informed con- 
sent, and shipped on ice. For each sample, a control Ok** sample was collected at 
the same time under identical conditions. All experiments were performed within 
72h of collection. 

Invasion assays were carried out in round-bottom 96-well plates, with a culture 
volume of 100 ul per well at a haematocrit of 2%. Parasites in trophozoite stage 
were mixed with pentamerized BSG-S-Cd4d3+4-COMP-His ectodomains or 
with anti-BSG monoclonal antibodies and incubated in the plates for 24h at 
37 °C inside a static incubator culture chamber (VWR), gassed with 1% O2, 3% 
CO, and 96% Nb. At the end of the incubation period, red blood cells (RBC) were 
collected and parasitized RBC (pRBC) were stained with 21M Hoechst 33342 
(Invitrogen), as described previously~'. Invasion assays using Ok" blood and 
control Ok** blood were carried out following the two-colour flow cytometric 
assay described in ref. 21. Briefly, Ok" blood and control Ok** blood were 
labelled with 1044.M DDAO-SE (Invitrogen). RBC were resuspended to 2% 
haematocrit, mixed with pRBC (ring stage) and incubated in 96-well plates for 
48 h as described above. At the end of the incubation period, RBC were harvested 
and pRBC were stained with 2 uM Hoechst 33342. Standard blood smear micro- 
scopy was performed to determine parasitaemia. Briefly, a small aliquot of the 
culture was smeared on a glass slide, fixed with 100% methanol and stained with 
Field’s Stain (Pro-Lab Diagnostics). Parasitaemia was determined by counting the 
number of parasitized pRBC per 2,000 total RBC examined by oil immersion with 
a Leica DME microscope (Leica Microsystems). All parasitaemia represented was 
the average of three replicates. Lentiviral transductions of HSCs was performed as 
previously described’’. Lentiviral-delivered shRNA sequences were BSG; TRC 
clone ID (TRCN0000006736) hairpin sequence: 5'-GAAGTCGTCAGAACACA 
TCAACTCGAGTTGATGTGTTCTGACGACTTC-3’, pLKO scrambled control; 
(Addgene plasmid 1864) hairpin sequence: 5'-CCTAAGGTTAAGTCGCCCTC 
GCTCGAGCGAGGGCGACTTAACCTTAGG-3’; loop region indicated in bold. 


Detailed Standard Operating Procedures for all invasion assays are available at 
http://www.sanger.ac.uk/research/. 

Flow cytometry. Stained samples were examined with a 355-nm ultraviolet laser 
(20 mW) and a 633-nm red laser (17 mW) on a BD LSRII flow cytometer (BD 
Biosciences). Hoechst 33342 (Invitrogen) was excited using the ultraviolet laser 
and detected with a 450/50 filter, whereas DDAO-SE (Invitrogen) was excited 
using the red laser and detected with a 660/20 filter. BD FACS Diva (BD 
Biosciences) was used to collect 100,000 events for each sample. FSC and SSC 
voltages of 423 and 198, respectively, and a threshold of 2,000 on FSC were applied 
to gate the erythrocyte population. The data collected were further analysed with 
FlowJo (Tree Star). All experiments were carried out in triplicate. GraphPad Prism 
(GraphPad Software) was used to plot the generated parasitaemia data. 

PfRh5 cloning and sequencing. Total RNA was extracted from 3D7 and FCR3 
schizonts using the QlIAamp RNA Blood Mini Kit (Qiagen). Isolated RNA was 
treated with TURBO DNase (Ambion) and reverse transcribed to cDNA using the 
High-Capacity cDNA Archive Kit (Applied Biosystems) following the manufac- 
turer’s instructions. A 10 tl aliquot of cDNA was used as a template in a standard 
PCR reaction, using the primers Rh5-F (5'-ATGATAAGAATAAAAAAAAA 
ATTAATTTTGACCATT-3’) and Rh5-R (5'-TCATTGTGTAAGTGGTTTAT 
TTTTTTTATATGTTTG-3’). Amplified fragments were subcloned into 
pCR2.1-TOPO, using the TOPO TA Cloning Kit (Invitrogen) and three clones 
from each strain were sequenced and analysed. 

Antibodies. Antibodies were obtained from the following suppliers: anti-rat 
Cd4d3+4 (OX68) (AbD Serotec), anti-CD59 (AbD Serotec), mouse IgG, control 
(Abcam). Anti-BSG monoclonal antibodies used were 8J251 (Lifespan Biosciences), 
MEM-M6/1 (Abcam) and TRA-1-85 (R&D systems). MEM-M6/6 was provided as 
an ascitic fluid and was a gift of V. Horejsi; the antibody was purified using a HiTrap 
protein G column (GE Healthcare) as described*’ and exchanged into RPMI. 
Surface plasmon resonance. Surface plasmon resonance studies were performed 
using a Biacore T100 instrument. Briefly, biotinylated bait proteins were captured 
ona streptavidin-coated sensor chip (Biacore, GE Healthcare). Approximately 150 
response units (RU) of the negative control bait (biotinylated rat Cd4d3+4) were 
immobilised in the flow cell used as a reference and approximate molar equivalents 
of the query protein immobilised in other flow cells. Purified analyte proteins were 
separated by gel filtration just before use in SPR experiments to remove small 
amounts of protein aggregates which are known to influence kinetic binding 
measurements”. Increasing concentrations of purified proteins were injected at 
high flow rates (100 tl min” ') to minimise rebinding effects for kinetic studies or 
at 10,1min ' for equilibrium analysis. Although essentially all the bound PfRh5 
dissociated during the wash out phase (see Fig. 1c), the surface was ‘regenerated’ 
with a pulse of 2M NaCl at the end of each cycle. Duplicate injections of the same 
concentration in each experiment were superimposable, demonstrating no loss of 
activity after regenerating the surface. Both kinetic and equilibrium binding data 
were analysed in the manufacturer’s Biacore T100 evaluation software (Biacore). 
Equilibrium binding measurements were taken once equilibrium had been 
reached using reference-subtracted sensorgrams. Both the kinetic and equilibrium 
binding studies involving BSG-S and variants were performed three times using 
independent protein preparations of both PfRh5 and the BSG proteins, and once 
for BSG-L and its variants. All experiments were performed at 37 °C. 
Enzyme-linked immunosorbent assay (ELISA). Biotinylated ectodomains were 
immobilized on streptavidin-coated plates (Nunc) for 1h before incubation for 
90 min with 10 pg ml”! primary antibody. The plates were washed in HBS/0.1% 
Tween-20 (HBST) before incubation with an appropriate secondary antibody 
conjugated to alkaline phosphatase (Sigma). Plates were washed three times in 
HBST and once in HBS before adding 100 kl p-nitrophenyl phosphate (Sigma 104 
alkaline phosphatase substrate) at 1 mg ml. Optical density measurements were 
taken at 405 nm ona Pherastar plus (BMG laboratories). The whole procedure was 
performed at room temperature. 
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Response to self antigen imprints regulatory memory 


in tissues 


Michael D. Rosenblum", [ris K. Gratz**, Jonathan S. Paw”, Karen Lee*, Ann Marshak-Rothstein* & Abul K. Abbas? 


Immune homeostasis in tissues is achieved through a delicate 
balance between pathogenic T-cell responses directed at tissue- 
specific antigens and the ability of the tissue to inhibit these res- 
ponses. The mechanisms by which tissues and the immune system 
communicate to establish and maintain immune homeostasis are 
currently unknown. Clinical evidence suggests that chronic or 
repeated exposure to self antigen within tissues leads to an attenu- 
ation of pathological autoimmune responses, possibly as a means 
to mitigate inflammatory damage and preserve function. Many 
human organ-specific autoimmune diseases are characterized by 
the initial presentation of the disease being the most severe, with 
subsequent flares being of lesser severity and duration’. In fact, 
these diseases often spontaneously resolve, despite persistent 
tissue autoantigen expression’. In the practice of antigen- 
specific immunotherapy, allergens or self antigens are repeatedly 
injected in the skin, with a diminution of the inflammatory res- 
ponse occurring after each successive exposure’. Although these 
findings indicate that tissues acquire the ability to attenuate 
autoimmune reactions upon repeated responses to antigens, the 
mechanism by which this occurs is unknown. Here we show that 
upon expression of self antigen in a peripheral tissue, thymus- 
derived regulatory T cells (T,eg cells) become activated, proliferate 
and differentiate into more potent suppressors, which mediate 
resolution of organ-specific autoimmunity in mice. After resolu- 
tion of the inflammatory response, activated T,eg cells are main- 
tained in the target tissue and are primed to attenuate subsequent 
autoimmune reactions when antigen is re-expressed. Thus, Tyeg 
cells function to confer ‘regulatory memory’ to the target tissue. 
These findings provide a framework for understanding how T,eg 
cells respond when exposed to self antigen in peripheral tissues and 
offer mechanistic insight into how tissues regulate autoimmunity. 

We hypothesized that exposure of immune cells to self antigen in 
peripheral tissues induces stable regulatory mechanisms that limit 
autoimmune injury. To test this and to define the nature of these 
control mechanisms, we created a novel mouse model of inducible 
tissue-specific self-antigen expression. We crossed transgenic mice 
expressing a membrane-bound form of ovalbumin (Ova) under the 
control of a tetracycline response element to transgenic mice expres- 
sing the tetracycline transactivator protein under the control of the 
keratin 5 (KS, also called Krt5) promoter (Fig. 1a)*. In the resultant K5/ 
TGO double transgenic mice (see Methods for definition of TGO), 
Ova expression in the skin is tightly controlled, as adoptively trans- 
ferred Ova-specific DO11.10 (DO11) CD4° T cells become activated 
and proliferate in skin-draining lymph nodes (SDLNs) of recipient 
mice only after treatment with doxycycline (Fig. 1b). In addition, 
Ova messenger RNA is detected in epidermal cell suspensions only 
after induction with doxycycline (Supplementary Fig. 1). 

To define functional Ova expression in the thymus, K5/TGO mice 
were crossed with the DO11.10 T-cell receptor (TCR)-transgenic 


strain’. Deletion of CD4~ DO11 T cells or increased production of 
Foxp3*CD4*DO11 Treg Cells in K5/TGO/DO11 mice is a sensitive 
indicator of thymic Ova expression. K5/TGO/DO11 triple transgenic 
mice as well as TGO/DO11 double transgenic mice have modest dele- 
tion of CD4* DO11 cells (Fig. 1c) and a pronounced increase in DO11 
Treg cells in both the thymus and SDLNs (Fig. Ic, d). Between 30-40% 
of antigen-specific CD4* DO11 T cells in the SDLNs of K5/TGO/ 
DO11 (and TGO/DO11) mice co-express CD25 and Foxp3 (Fig. 1d). 
These results demonstrate that Ova is constitutively expressed in the 
thymus, independent of doxycycline treatment and dependent only on 
the presence of the TGO transgene. Thus, K5/TGO/DO11 mice rep- 
resent a unique model in which antigen is continuously expressed in 
the thymus and tightly controlled in the periphery, mimicking the 
pattern of tissue-specific self-antigen expression in mice and 
humans°*”. 

Despite the presence of a large percentage of Ova-specific Teg cells, 
induction of cutaneous Ova expression in K5/TGO/DO11 mice results 
in a pronounced inflammatory dermatitis (Fig. 2a). Disease peaks at 


a b 
K5 TGO 
> |x [83 
{Reratins}+{ ta |} |_| | tRE2 | frir-tm|SEBY] Ova ¥ 
(=) 
al 
c CFSE 
2) cD4*KJ+ CD4*KJ*Foxp3* CD4*KJ*Foxp3- 
X12 3 * ae 
$10 to 
5 8 2 8 
3° ° 
8 4 1 4 
$2 i 2 
B 0 o 0 
2 © DON TGO/DO11 “Dott TaQ/D011 © DOT TGO/DO11 
d Dot TGO/DO11__K5/TGO/DO11 
6 24 20 
tt a 
QA ae + Thymus 
5 ) ¥ ¥ 
Ply ‘ 
Ce eee eee ae 
2 42) 40 
# pry ¥ 
A rt 
g Oi ie i a 
e > end Ping J 
cp25 BE 


Figure 1 | Characterization of K5/TGO/DO11 mice. a, Construct for double 
transgenic mice expressing ovalbumin (Ova) driven by the cytokeratin 5 (K5) 
promoter in a tetracycline-inducible fashion. b, Lymph node cells from DO11 
TCR-transgenic mice were labelled with CFSE and injected into K5/TGO mice. 
Recipient mice were fed doxycycline chow and DO11 cell proliferation (CFSE 
dilution) and CD44 expression was measured 3 days later by flow cytometry. 

c, SDLN cell numbers from DO11 and TGO/DO11 mice in the absence of 
doxycycline treatment. d, Thymus and SDLN cells from DO11, TGO/DO11 and 
K5/TGO/DO11 mice in the absence of doxycycline treatment. Thymocytes are 
gated on CD4*KJ*CD8° cells. KJ, KJ1-26 monoclonal antibody. Lymph node 
cells are gated on CD4°KJ* cells. *P < 0.05 (t-test). Error bars represent s.d. 
Results are representative of 3 replicate experiments with n = 3-4 mice per group. 
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10-14 days after antigen induction and is characterized by marked 
erythema, scaling and alopecia (Fig. 2b). The skin infiltrate at the 
height of disease is composed primarily of antigen-specific DO11 T 
cells and GR-1*CD11b" myeloid cells (Fig. 2c). Ova-specific skin- 
infiltrating CD4" T cells produce interferon (IFN)-y and interleukin 
(IL)-17 (Fig. 2)). 

Interestingly, skin inflammation spontaneously resolves. Twenty to 
30 days after antigen induction, mice begin to show signs of clinical and 
histological improvement, and by 40 to 60 days, there is complete reso- 
lution of cutaneous inflammation (Fig. 2d-f). Disease resolves despite 
continued doxycycline treatment, with ongoing Ova expression in 
the skin and continuous thymic output of Ova-specific T cells (Sup- 
plementary Fig. 2). 
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Given the large percentage of antigen-specific T,eg cells present in 
the SDLNs of K5/TGO/DO11 mice, it is surprising that cutaneous 
inflammation results when antigen is induced. We were further 
intrigued by the spontaneous resolving nature of the autoimmune 
response, as it suggests that an immune regulatory mechanism(s) is 
initiated in an attempt to minimize tissue damage. To determine if Tyeg 
cells have a role in resolving skin inflammation, we depleted these cells 
before antigen induction and at the height of disease. Treatment of K5/ 
TGO/DO11 mice with CD25-depleting antibody (PC61) before antigen 
induction resulted in pronounced disease exacerbation with delayed 
resolution of skin inflammation (Fig. 2g, h). In some experiments, 
depletion of T,eg cells resulted in dehydration, weight loss and death, 
most likely from severely disrupted skin barrier function (Supplemen- 
tary Fig. 3). Depletion of T,<g cells at the height of disease (that is, 10 days 
after antigen induction) resulted in delayed kinetics of resolution of skin 
inflammation, with some mice having to be euthanized secondary to 
non-resolving skin disease (Fig. 2i). Higher percentages of both IFN-y- 
and IL-17-secreting DO11 cells were observed in the skin and SDLN 
after Teg cell depletion (Fig. 2j). Anti-CD25 antibody was used in these 
studies because CD25 is constitutively expressed on Teg cells and anti- 
body treatment can be accurately titrated to achieve optimal deletion of 
these cells (Supplementary Fig. 4). A caveat of this approach is that 
other CD25-expressing cells (which may be either tolerance-promoting 
or pathogenic) might also be deleted. The finding that anti-CD25 
antibody treatment inhibits or prevents disease resolution strongly 
suggests that Te, cells are the major targets of the antibody and have 
an essential role in resolving skin disease in our model; however, deple- 
tion of other CD25-expressing regulatory populations cannot be defi- 
nitively ruled out. 

The emergence of disease despite the presence of T;eg cells and the 
Treg cell-dependent suppression of disease after antigen induction 
suggested that expression of tissue antigen activates T,., cells and 
enhances their suppressive function. To test this, we induced Ova 
expression in K5/TGO/DO11 mice and characterized Tg cells in both 
the skin and SDLNs. Foxp3’ DO11 cells robustly expanded in SDLNs 
upon antigen induction (Fig. 3a). Expansion peaked at 12-14 days, 
when these cells were increased ~15-fold over baseline numbers. In 
contrast, the peak expansion of Foxp3” DO11 effector cells occurred 
earlier and these cells only expanded ~4-fold over baseline (Fig. 3a). At 
the peak of expansion, more than 50% of Foxp3* DO11 cells had 
markedly reduced CD25 on the cell surface (Fig. 3b). Loss of CD25 
was transient, associated only with the proliferative burst, as Foxp3~ 
DO11 cells in SDLNs during the resolution phase of disease 
(>20 days) express CD25 (Fig. 3b). Loss of CD25 expression on in 
vivo proliferating T, 2, cells (with preservation of suppressive capacity) 


Figure 2 | K5/TGO/DO11 mice develop autoimmune skin disease that 
resolves spontaneously. a, Mean clinical scores of K5/TGO/DO11 mice left 
untreated or fed doxycycline chow. b, Skin lesions in a representative K5/TGO/ 
DO11 mouse at the height of clinical disease. c, Flow cytometry of skin- 
infiltrating cells in K5/TGO/DO11 mice treated with doxycycline for 12 days. 
d, Representative mice from the height of disease (day 12) and after disease 
resolution (day 86). e, Skin histology of K5/TGO/DO11 mice after beginning 
doxycycline. f, Flow cytometry of skin-infiltrating cells in K5/TGO/DO11 mice 
at 11 and 43 days after beginning doxycycline. g, Disease scores of K5/TGO/ 
DO11 mice treated with anti-CD25 monoclonal antibody (PC61) or control 
(PBS or isotype control antibody) at 10 days and 3 days before beginning 
doxycycline. h, Flow cytometry of skin-infiltrating cells in K5/TGO/DO11 mice 
untreated or treated with PC61 at 23 days after beginning doxycycline. 

i, Disease scores of K5/TGO/DO11 mice treated with PC61 or isotype control 
antibody at the height of disease. Results are pooled data from two replicate 
experiments with n = 3-4 mice per group. j, Intracellular cytokine stains of 
SDLN cells and skin-infiltrating cells from PC61- or isotype control-treated 
(before antigen induction) K5/TGO/DO11 mice at 11 days after beginning 
doxycycline treatment. Gated on CD4*KJ* cells. All error bars represent s.d. 
Results are representative of 3 replicate experiments with n = 3-4 mice per 
group. Euthanization of two PC61-treated mice secondary to non-resolving 
skin disease is indicated by the { symbol. 
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Figure 3 | T,.g cells are activated upon induction of peripheral antigen. 

a, Quantification of CD4*KJ* Foxp3* and CD4*KJ*Foxp3~ cell numbers 
from SDLNs of K5/TGO/DO11 mice after beginning doxycycline treatment. 
b, Flow cytometry of SDLN cells from K5/TGO/DO11 mice after beginning 
doxycycline treatment. Gated on CD4*KJ* cells. c, Flow cytometry of SDLN 
cells from K5/TGO/DO11 mice left untreated (naive CD25") or treated for 6 
days with doxycycline (activated CD25* or CD25” populations). d, Flow 
cytometry of skin-infiltrating cells from K5/TGO/DO11 mice after beginning 
doxycycline. Gated on live CD4*KJ* cells. e, In vitro suppression assay using 
sorted CD4* KJ‘ Foxp3 CD25" cells from non-induced naive mice 
(nCD25*), CD4*KJ* Foxp3*CD25* cells from doxycycline-treated mice 


has been reported by others*. It is possible that proliferating T,cg cells 
reduce expression of CD25 in a negative feedback loop to limit pro- 
liferation and regulate T,., cell numbers. SDLN T;<g cells in the reso- 
lution phase of disease have increased expression of Foxp3 and CD25 
when compared to Tye, cells from non-induced mice (Fig. 3b and 
Supplementary Fig. 5). These results indicate that T,eg cells are acti- 
vated upon exposure to peripheral antigen. To test this further, we 
analysed expression levels of various markers shown to be involved in 
Treg cell function early after antigen induction. Six days after inducing 
Ova expression in the skin, >80% of Tyeg cells have entered the cell 
cycle, as shown by Ki67 expression, and proliferating CD25* and 
CD25 Treg cells express higher levels of CTLA-4 compared to Treg 
cells from non-induced mice (Fig. 3c). 

Expansion of T,g cells in SDLNs upon antigen induction is asso- 
ciated with an accumulation of these cells in the skin (Fig. 3d). Before 
antigen induction, CD4* DO11 cells are barely detectable in the skin. 
At the height of disease, most skin-infiltrating DO11 cells are Foxp3 
However, resolution of inflammation is associated with a preferential 
accumulation of Foxp3~ cells in the skin, with >60% of DO11 cells in 
the skin expressing Foxp3 in mice maintained on doxycycline that 
have resolved disease (that is, clinically and histologically normal 
appearing skin) (Fig. 3d). 

We next tested whether T,., cells acquire a more suppressive pheno- 
type after exposure to tissue antigen. To do so, we crossed K5/TGO/ 
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(activated CD25*, aCD25*), or CD4*KJ* Foxp3* CD25 cells from 
doxycycline-treated mice (aCD25_) as suppressors and CFSE-labelled DO11 
lymph node cells as responders. f, In vivo suppression assay using suppressors 
(as in part e) mixed 1:1 with naive CFSE-labelled Thyl.1* DO11 lymph node 
cells and adoptively transferred into K5/TGO mice. Recipient mice were treated 
with doxycycline and DO11 cell proliferation and intracellular cytokine 
expression (g) were assayed 3 days later. Gated on Thy1.1*CD4"KJ* cells. 
*P < 0.05 (t-test). All error bars represent s.d. Results are representative of 3 
replicate experiments with n = 3-4 mice per group except for in vitro and in 
vivo suppression assays, which are representative of 2 replicate experiments 
with nm = 2-3 mice per group. 


DO11 mice with Foxp3@"” reporter mice®. K5/TGO/DO11/Foxp37"” 
mice were treated with doxycycline to induce antigen expression in the 
skin, and 6 days later, CD4 Foxp3* CD25~* and CD4* Foxp3* CD25 
DO11 cells were isolated from SDLNs and their suppressive capacity 
tested in vitro and in vivo. Both CD25* and CD25 Treg cells from 
antigen-induced mice were more potent suppressors of effector T-cell 
proliferation in vitro when compared to Tyeg cells isolated from non- 
induced mice (that is, peripheral antigen naive) at all effector to 
suppressor ratios examined (Fig. 3e). In addition, T,., cells from 
antigen-induced mice were more potent suppressors of cutaneous 
autoimmune responses in vivo. Upon co-transfer with naive DO11 
responder cells into K5/TGO double transgenic mice (and treatment 
of recipient mice with doxycycline to induce Ova expression in the 
skin), both CD25* and CD25 Foxp3* Treg cells isolated from anti- 
gen-induced K5/TGO/DO11/Foxp3*"" mice were more potent at 
inhibiting T-cell proliferation when compared to Foxp3* cells isolated 
from non-induced mice (Fig. 3f). These cells were also more potent 
inhibitors of IL-17 and IFN-y production from effector T cells 
(Fig. 3g). 

The mechanism of enhanced T,.g cell suppression after peripheral 
antigen induction may involve CTLA-4, which is expressed at markedly 
higher levels after activation of T,eg cells (Fig. 3c) and has been shown 
to be a critical mediator of T,., function in suppressing tissue inflam- 
mation’®. In addition, CD25* and CD25~ T,eg cells had similarly high 
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levels of CTLA-4 expression and are equally suppressive in vitro and in 
vivo. We were unable to detect cytokine production (including IL-10, 
IL-17 and IFN-y) from T,eg cells before or after antigen induction, 
suggesting that a cytokine-mediated mechanism of suppression is 
unlikely (Fig. 2j and data not shown). 

Our results indicate that early after exposure to tissue autoantigen, 
Tyeg cells are activated, proliferate, differentiate into more potent sup- 
pressors, and progressively accumulate in the target tissue. These 
results are consistent with recent findings that two major populations 
of Foxp3* Treg cells exist in human peripheral blood, which have been 
called resting Ty eg cells and activated T,.¢ cells'’. Resting T,.g cells are 
recently derived from the thymus, express low levels of CTLA-4, are 
not actively cycling, and are inferior suppressors when compared to 
activated Tg cells. In contrast, activated Tyg cells are constitutively 
cycling, express higher levels of Foxp3 and CTLA-4, and are more 
potent suppressors. Longitudinal studies showed ongoing conversion 
of resting Ty 2g cells to activated T,,., cells in a healthy human volunteer, 
with T-cell-receptor clonotypes initially detected in the resting Tycg cell 
subset found 18 months later in the activated Tg cell subset. These 
results suggest that in normal healthy individuals, resting T,eg cells are 
continuously activated and proliferate into more potent activated T,..g 
cells. Taken together with results presented here, we speculate that 
exposure to tissue self antigen may drive this process as a mechanism 
to inhibit and/or suppress autoimmunity. 

We hypothesized that once Tyg cells have been activated and accu- 
mulate in the skin, these cells are relatively stable and persist in the 
tissue. They would then be capable of suppressing subsequent auto- 
immune reactions when antigen is re-expressed. To test this, we 
induced antigen expression in K5/TGO/DO11 mice and upon resolu- 
tion of skin disease, removed doxycycline for >30 days to effectively 
‘turn antigen off in the skin. We then re-induced antigen expression 
and followed mice clinically. To confirm the absence of antigen 
expression upon cessation of doxycycline, we assessed activation and 
proliferation of adoptively transferred DO11 cells and activation of 
endogenous DO11 cells in K5/TGO/DO11 mice (as a surrogate marker 
of antigen expression) at various times after discontinuing doxycy- 
cline. In addition, we measured Ova mRNA levels in the skin. At 
20 days after discontinuing doxycycline treatment there was no prolif- 
eration of adoptively transferred DO11 cells and by 29 days, CD44 and 
CD69 expression had returned to baseline levels on adoptively trans- 
ferred and endogenous DO11 cells, respectively (Fig. 4a and Sup- 
plementary Fig. 6a). Expression of Ova mRNA was undetectable in 
all mice at 32 days after stopping doxycycline treatment (Supplemen- 
tary Fig. 6b). Taken together, these data confirm that antigen expres- 
sion is effectively ‘turned off in all mice by 30 days after cessation of 
doxycycline treatment. Analysis of DO11 T cells in the skin of K5/ 
TGO/DO11 mice that had been off doxycycline for >30 days revealed 
a persistent Foxp3” population comprising >50% of DO11 cells in the 
skin (Fig. 4b). The proportion of DO11 cells in the skin that were 
Foxp3~ was enriched relative to SDLNs, indicating a preferential accu- 
mulation of Teg cells in the target tissue upon cessation of antigen 
expression (Fig. 4b). Furthermore, T;eg cells in the skin continued to 
express high levels of CTLA-4 (Fig. 4c). When compared to T, eg cells in 
the SDLN, cells that persisted in the skin (in the absence of antigen 
expression) expressed lower levels of CD25 and higher levels of CTLA- 
4, CD127 and KLRGI (Fig. 4d). The persistence of activated Teg cells 
in the skin indicated that there may be an attenuation of cutaneous 
inflammation upon antigen re-expression, as T,.g cells must be present 
in the skin to suppress autoimmunity’*. To test this, we re-started 
doxycycline treatment and followed mice clinically. Upon antigen 
re-expression, K5/TGO/DO11 mice developed skin disease pheno- 
typically similar to the disease that developed upon initial antigen 
expression; however, the severity of skin disease was significantly 
reduced and it resolved with accelerated kinetics (Fig. 4e). 
Attenuated disease upon antigen re-exposure was not secondary to 
reduced numbers of DO11 cells, as these cells returned to baseline 
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Figure 4 | Memory T,<g cells attenuate skin disease upon re-expression of 
tissue antigen. a, Flow cytometry of CFSE-labelled Thy1.1*DO11* SDLN 
cells 3 days after adoptive transfer into K5/TGO/DO11 mice that had been on 
doxycycline for >30 days and off for 20 days. b, Flow cytometry and T,.g cell 
percentages of SDLN and skin-infiltrating CD4* DO1I cells isolated from K5/ 
TGO/DO11 mice that were on doxycycline for >30 days and off for >30 days. 
Gated on CD4*KJ* cells. c, Flow cytometry of CD4*DO11 cells from the skin 
of K5/TGO/DO11 mice that have not been treated with doxycycline (naive) or 
on for >30 days and off doxycycline for >30 days. d, Phenotype of 

CD4* Foxp3* DO11 cells from skin (shaded) and SDLN (unshaded) from K5/ 
TGO/DO11 mice that were on doxycycline for >30 days and off for >40 days. 
e, Clinical skin disease upon re-starting doxycycline in K5/TGO/DO11 mice 
that had been on doxycycline for >30 days and off for >30 days. f, Clinical skin 
disease of K5/TGO/DO11 mice treated with either PC61 or isotype control 
antibody before re-starting doxycycline. In all mice, antigen was induced, skin 
disease developed, and disease had resolved before antibody treatment. All 
error bars represent standard error of samples within each group. Mean clinical 
scores from individual mice are shown. Results are representative of 3 replicate 
experiments with 3-4 mice per group except for f, which is combined data from 
2 replicate experiments with 2-4 mice per group. *P < 0.05 (t-test). 


levels relatively early after cessation of doxycycline treatment (Sup- 
plementary Fig. 7). In addition, antigen-experienced DO11 T cells 
from K5/TGO/DO11 mice that had resolved disease and were either 
maintained on doxycycline or were taken off doxycycline after resolu- 
tion readily induced skin disease when adoptively transferred into new 
antigen-expressing hosts (Supplementary Fig. 8). This suggests that 
cell-intrinsic anergy in responding T cells does not seem to have a major 
role in attenuating skin inflammation. To test whether reduced disease 
severity upon second antigen exposure was mediated by Tyeg cells, we 
depleted these cells before re-inducing antigen expression. Depletion of 
Treg Cells resulted in a complete abrogation of the attenuated response 
observed upon re-expression of Ova in the skin (Fig. 4f). 

Our results indicate that exposure to tissue autoantigens leads to the 
activation of self-reactive T, 2, cells that were generated by self-antigen 
expression in the thymus. Activated T,cg cells persist in the target tissue 
and suppress autoimmune responses upon repeated or chronic 
encounters with tissue autoantigen. Thus, tissues that have undergone 
autoimmune inflammatory reactions develop a property we have 
termed regulatory memory, which serves to limit the severity of future 
such reactions. Memory Treg cells have several characteristics of 
effector memory cells'*"*, including survival without antigen, res- 
idence in non-lymphoid tissues, phenotypic markers suggestive of 
prior activation, and enhanced functional activity. The life history of 
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Treg cells is fundamentally similar to that of conventional T cells, 
passing through defined phases that include generation in the thymus, 
activation in the periphery leading to proliferation and differentiation 
into functionally more active cells, and survival as memory popula- 
tions. Although our data support an obligatory role for T,eg cells in 
suppressing primary and memory responses in the skin, it is possible 
that these cells work together with other T,g-cell-independent 
mechanisms to suppress tissue-specific autoimmunity. Identifying 
and harnessing the network of regulatory pathways that serve to limit 
tissue inflammation will undoubtedly offer new strategies for control- 
ling autoimmune reactions and preserving end-organ function. 


METHODS SUMMARY 

Mouse model. TRE-TGO mice were crossed with K5-rtT.A mice to generate mice 
with inducible epidermal expression of Ova. The TGO construct encodes a fusion 
protein linking the transferrin receptor transmembrane domain, green fluorescent 
protein (GFP) and amino acids 230-359 of chicken ovalbumin. To create K5/ 
TGO/DO11 mice, K5-rTA/TRE-TGO mice were crossed onto the DO11.10 TCR- 
transgenic background. In all experiments, mice were gender-matched and 
between 5 and 24 weeks of age. All mice were bred and maintained in a specific 
pathogen-free facility in accordance with the guidelines of the Laboratory Animal 
Resource Center of the University of California San Francisco. 

Inflammatory skin disease model. To induce expression of the TGO transgene, 
K5/TGO/DO11 mice were maintained on 1 gkg' doxycycline chow. A 12-point 
clinical scoring scale was used to quantify skin disease. Scaling, alopecia, erythema 
and level of activity were each given a score from 0 to 3. Individual scores were 
summed and mean scores per group are displayed. 

Treg cell depletion. PC61 (anti-CD25 monoclonal antibody) or isotype control 
were injected intraperitoneally at 10 and 3 days before doxycycline treatment. For 
depletion at the height of disease, PC61 monoclonal antibody was injected on days 
10 and 11 after starting K5/TGO/DO11 mice on doxycycline. For experiments in 
which CD25* cells were deleted before antigen re-expression, K5/TGO/DO11 
mice that had been off doxycycline for >30 days were treated with PC61 at 7 
and 3 days before restarting doxycycline. 

In vitro and in vivo suppression assays. K5/TGO/DO11 mice were crossed to 
Foxp3-GFP transgenic mice. K5/TGO/DO11/Foxp3-GFP mice were started on 
doxycycline and 6 days later, Tyeg cells were isolated. For in vitro suppression 
assays, Tyeg cells were cultured with CFSE-labelled SDLN cells isolated from 
DO11.10°/Rag2‘~/Thyl.1* mice and Ova peptide-pulsed bone-marrow- 
derived dendritic cells. For in vivo suppression assays, purified Tyeg cells were 
mixed 1:1 with CFSE-labelled DO11 effector cells from DO11.10*/Rag2 /~/ 
Thyl.1* mice. Cell mixtures were injected intravenously into K5/TGO mice 
and recipient mice were started on doxycycline. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Mouse model. K5/rTA mice were generated as described*. The TGO construct 
encodes for a fusion protein linking the transferrin receptor transmembrane domain 
(Tfr-tm), GFP and amino acids 230-359 of chicken ovalbumin (Ova)'*. TGO was 
cloned upstream of the tetracycline response element (TRE2) and transgenic mice 
with stable incorporation of the TRE-TGO construct were generated. GFP is 
expressed at levels too low to detect in these mice. TRE-TGO mice were crossed with 
K5-rtTA mice to generate mice with inducible epidermal expression of Ova. To create 
K5/TGO/DO11 mice, K5-rTA/TRE-TGO mice were crossed onto the DO11.10 TCR 
transgenic background, which expresses Ova-specific CD4* T cells*. KJ1-26 mono- 
clonal antibody (KJ) specifically recognizes the DO11 TCR. All mice were bred and 
maintained in a specific pathogen-free facility in accordance with the guidelines of the 
Laboratory Animal Resource Center of the University of California San Francisco. 
Treg cell depletion. Anti-CD25 monoclonal antibody (PC61) preferentially 
depletes T,eg cells'’, especially in the BALB/c strain'’. PC61 or isotype control 
(UCSF Monoclonal Antibody Core) were injected (0.5 mg per mouse) intraper- 
itoneally at 10 and 3 days before doxycycline treatment. PC61 treatment of TGO/ 
DO11 mice results in a > 90% reduction of CD4* CD25" Foxp3* DO11 cells at 
7 days after injection (Supplementary Fig. 4). For depletion of CD25* cells at the 
height of disease, PC61 monoclonal antibody (0.5 mg per mouse) was injected on 
days 10 and 11 after starting K5/TGO/DO11 mice on doxycycline chow. For 
experiments in which CD25” cells were deleted before antigen re-expression, 
K5/TGO/DO11 mice that had been off doxycycline for >30 days were treated 
with PC61 at 7 and 3 days before restarting doxycycline. 

Inflammatory skin disease model. To induce expression of the TGO transgene in 
the skin, K5/TGO/DO11 mice were maintained on 1 gkg * doxycycline chow 
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(Bio-Serv). A 12-point clinical scoring scale was used to quantify skin disease. The 
clinical parameters of scaling, alopecia, erythema and level of activity were each 
given a score from 0 to 3. Scores for individual parameters were summed, and each 
mouse was assigned a clinical severity score out of 12. Individual mouse scores 
were averaged to get mean clinical scores per group. 

In vitro and in vivo suppression assays. K5/TGO/DO11 mice were crossed to 
Foxp3-GFP transgenic mice’, provided by A. Rudensky. K5/TGO/DO11/Foxp3- 
GFP mice were started on doxycycline chow or left untreated and 6 days later, 
SDIN cells were isolated and purified by FACS. For in vitro suppression assays, 
cells were cultured in varying ratios with freshly isolated CFSE-labelled SDLN cells 
isolated from DO11.10*/Rag2-/~/Thy1.1* mice and Ova peptide-pulsed bone- 
marrow-derived dendritic cells. For in vivo suppression assays, FACS-purified Tyeg 
cells were mixed 1:1 with CFSE-labelled DO11 effector cells from DO11.10*/ 
Rag2 / ~/Thy1.1* mice. Cell mixtures were injected intravenously into K5/TGO 
mice and recipient mice were started on doxycycline chow. Three days later, SDLN 
cells were isolated and CFSE dilution and intracellular cytokine expression by 
DO11.10*/Thy1.1* cells was quantified by flow cytometry. 
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Excitation-induced ataxin-3 aggregation in neurons 
from patients with Machado-Joseph disease 


Philipp Koch!*, Peter Breuer?*, Michael Peitz'*, Johannes Jungverdorben'*, Jaideep Kesavan', Daniel Poppe’, Jonas Doerr’, 
Julia Ladewig', Jerome Mertens‘, Thomas Tiiting’, Per Hoffmann*, Thomas Klockgether””, Bernd O. Evert’, Ullrich Wiillner? 


& Oliver Briistle! 


Machado-Joseph disease (MJD; also called spinocerebellar ataxia 
type 3) is a dominantly inherited late-onset neurodegenerative 
disorder caused by expansion of polyglutamine (polyQ)-encoding 
CAG repeats in the MJDI gene (also known as ATXN3). 
Proteolytic liberation of highly aggregation-prone polyQ frag- 
ments from the protective sequence of the MJD1 gene product 
ataxin 3 (ATXN3) has been proposed to trigger the formation of 
ATXN3-containing aggregates, the neuropathological hallmark of 
MJD'*°. ATXN3 fragments are detected in brain tissue of MJD 
patients and transgenic mice expressing mutant human 
ATXN3(Q71)°, and their amount increases with disease severity, 
supporting a relationship between ATXN3 processing and disease 
progression. The formation of early aggregation intermediates is 
thought to have a critical role in disease initiation”*, but the precise 
pathogenic mechanism operating in MJD has remained elusive’. 
Here we show that L-glutamate-induced excitation of patient- 
specific induced pluripotent stem cell (iPSC)-derived neurons 
initiates Ca?*-dependent proteolysis of ATXN3 followed by the 
formation of SDS-insoluble aggregates. This phenotype could 
be abolished by calpain inhibition, confirming a key role of this 
protease in ATXN3 aggregation. Aggregate formation was further 
dependent on functional Na‘ and K* channels as well as ionotropic 
and voltage-gated Ca** channels, and was not observed in iPSCs, 
fibroblasts or glia, thereby providing an explanation for the neuron- 
specific phenotype of this disease. Our data illustrate that iPSCs 
enable the study of aberrant protein processing associated with 
late-onset neurodegenerative disorders in patient-specific neurons. 

Despite accumulating evidence for an involvement of proteolysis in 
polyQ disorders, the molecular and cellular events that underlie the 
initial processes are still poorly understood (reviewed, for example, in 
ref. 10). As excitation-mediated depolarization of neurons results in 
transiently increased intracellular Ca’ * levels via influx from the extra- 
cellular space and/or the endoplasmic reticulum'’, we hypothesized 
that a temporary activation of Ca**-dependent proteases might rep- 
resent an early event in pathological ATXN3 processing. To explore 
this hypothesis we generated neurons from iPSCs (two clones each) 
derived from four MJD patients (MJD1-4; for clinical details see 
Supplementary Fig. 1) and two related healthy donors (Ctrll and 
Ctrl2; Supplementary Fig. 1). MJD and control iPSCs exhibited 
expression of pluripotency genes, appropriate viral transgene silen- 
cing, potential for teratoma formation and a normal karyotype 
(Fig. la and Supplementary Figs 2-4). Expansion of the polyQ-coding 
CAG sequence in exon 10 of the MJD1 gene was verified by polymerase 
chain reaction (PCR) analysis and genomic sequencing (Fig. 1b and 
Supplementary Fig. 5). From the iPSCs we generated long-term self- 
renewing neuroepithelial-like stem cells (It-NES cells)'’. It-NES cells 
homogeneously expressed SOX2 and, upon growth factor withdrawal, 


gave rise to a dominant fraction of BIII-tubulin * neurons and a smaller 
fraction of glial fibrillary acid protein (GFAP)* glia with no apparent 
difference between MJD and control neurons (Fig. 1c, d and Sup- 
plementary Fig. 6). It-NES cells derived from the human embryonic 
stem cell line 16 (Ctrl3) and from iPSCs of a 33-year-old unrelated 
and healthy male donor (Ctrl4) were included as additional controls. 
Western blot analysis confirmed the expression from both alleles of 
normal ATXN3 (~42kDa) in control It-NES cells and normal and 
expanded ATXN3 (~60 kDa) in MJD It-NES cells (Fig. le). No changes 
in polyQ repeat length were detected during the time course of our 
experiments for at least 20 passages as iPSCs, up to 47 passages as 
It-NES cells and 8 weeks of neuronal differentiation (Supplementary 
Fig. 7). Whole-cell patch-clamp measurements of neurons differentiated 
for 5-6 weeks revealed the generation of multiple action potentials 
during current injection (n = 6; Fig. 1f) as well as voltage-dependent 
membrane currents ( = 8; Fig. 1g and Supplementary Fig. 6). Both 
excitatory and inhibitory spontaneous postsynaptic currents were 
observed in whole-cell voltage-clamp recordings and could be blocked 
by application of D(-)-2-amino-5-phosphonovaleric acid (D-APV; 
50M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20M), 
or bicuculline (30 1M), respectively (n = 12; Fig. 1h). No functional 
differences were observed between MJD and control neurons. Thus, 
iPSC-derived neurons are capable of generating functional neuronal 
networks. 

To monitor excitation-induced Ca** influx into iPSC-derived 
neurons we loaded MJD neurons with the Ca**-dependent dye 
Fluo-4 and stimulated the cultures with the excitatory neurotransmitter 
L-glutamate (100 UM). Increased fluorescence intensity of the neurons 
indicated elevated excitation-mediated intracellular Ca”* levels 
(Fig. 2a). Immunoblotting of extracts from L-glutamate-treated cultures 
revealed that stimulation for 30 min induced cleavage of ATXN3 in 
both MJD and control neurons. A proteolytic fragment of approxi- 
mately 34kDa, corresponding to the predicted size of an amino- 
terminal ATXN3 fragment was detected with an antibody to ATXN3 
(ref. 17). Stimulation with 200 uM NMDA (N-methyl-D-aspartate) 
had a comparable effect (Fig. 2b). These results indicate that excitation- 
mediated Ca** influx induces cleavage of ATXN3 in iPSC-derived 
neuronal cultures. 

We next asked whether cleavage of ATXN3 would also induce 
SDS-insoluble ATXN3-containing aggregates, a hallmark of MJD 
pathology”. To that end, lysates of neuronal cultures were fractionated 
to identify ATXN3 species with different detergent solubility by 
immunoblotting (Fig. 2c and Supplementary Fig. 8). Lysates from 
control neurons prepared 30min after stimulation contained no 
SDS-insoluble material, whereas lysates from MJD neurons yielded 
weak bands of fragmented ATXN3 and a faint high molecular mass 
smear (Supplementary Fig. 9). As polyQ aggregation is associated with 
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Figure 1 | Generation of patient-specific neural 
cultures. a, MJD iPSCs stain positive for alkaline 
phosphatase (AP) and TRA-1-60. b, PCR analysis 
to assess the length of CAG repeats. Fib, fibroblasts. 
c, It-NES cells express SOX2 and differentiate into 
neural cultures consisting of BIII-tubulin* neurons 
and GFAP” glia. d, Percentage of cells positive for 
the neuronal markers BII-tubulin and 
microtubulin-associated protein 2 (MAP2ab) or 
GFAP in 6-week-differentiated cultures. Error 
bars: s.d. e, Western blot analysis with ATXN3 
antibody no. 986 (ref. 17). f, iPSC-derived neurons 
fire action potentials in response to depolarization. 
g, Depolarizing voltage steps elicited voltage- 
dependent fast inactivating inward and sustained 
outward currents. h, Representative traces of 
inhibitory (upper trace) and excitatory 
postsynaptic currents (bottom trace), blocked by 
bicuculline or D-APV and CNQX, respectively. 
Ctrl, control. Scale bars: a, 200 um; ¢, 50 um 
(SOX2) and 200 pm (BIII-tubulin/GFAP). 


Figure 2 | Excitation induces ATXN3 cleavage 
and aggregation. a, Ca” imaging with Fluo-4 
reveals a clear increase of intracellular Ca** upon 
exposure to L-glutamate. b, Exposure to 
L-glutamate or NMDA (n > 3) induces cleavage of 
ATXN3 (antibody no. 986). c, Schematic depicting 
the separation of cell lysates. d, e, SDS-insoluble 
aggregates could be robustly evoked in different 
MJD genotypes. Representative western blot 
analysis (out of n = 3) with ATXN3 antibody no. 
986 (ref. 17). f, Re-probing of ATXN3 immunoblot 
(antibody no. 986; left) with the polyQ-specific 1C2 
antibody (right) reveals several polyQ-containing 
fragments (empty and filled triangles indicate 
polyQ-containing fragments of which bands 
marked by empty triangles correspond to ATXN3 
fragments). g, Western blot with an antibody 
against human TBP reveals recruitment of TBP 
into the SDS-insoluble fraction in MJD neurons 
but not control neurons (n = 2). FA, formic acid; 
TX100, Triton X-100. Scale bar: 100 um. 
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Figure 3 | Aggregation of ATXN3 is calpain dependent. a, ATXN3 
aggregation in the presence of the caspase inhibitors Ac-YVAD-CHO, 
Z-DEVD-FMK or Z-VAD-FMK (all 10 1M). b, ATXN3 aggregation in the 
presence of the calpain inhibitors ALLN (100 1M) and calpeptin (200 LM). 

c, ATXN3 aggregation in the presence of leupeptin/pepstatin (Leu/Pep; cysteine/ 
aspartyl protease inhibitor) or aprotinin (Aprot; serine protease inhibitor). 
Shown are representative western blot analyses (out of n > 3) of clone MJD1-9 
with ATXN3 antibody no. 986 (ref. 17). FA, formic acid; TX100, Triton X-100. 


a lag phase presumably required for the generation of aggregation- 
competent species”’*'>’®, we tested whether repetitive excitation of 
MJD and control neurons and a subsequent waiting period would 
result in more robust aggregation. Twenty-four hours after stimulation 
(two stimuli of 30min) no SDS-insoluble ATXN3-positive material 
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was observed in control neurons. In contrast, MJD neurons now 
showed several prominent fragments of about 25-45 kDa and a high 
molecular smear, indicating the presence of fragmented and aggre- 
gated ATXN3 in these cultures (Fig. 2d). Generation of these SDS- 
insoluble ATXN3-containing fragments was induced in all MJD 
iPSC-derived neurons tested and not observed in neurons derived 
from healthy donors (Fig. 2e and Supplementary Fig. 10). Induction 
of SDS-insoluble aggregates was concentration dependent, as reduced 
concentrations of L-glutamate led to a reduced tendency of ATXN3 to 
form these aggregates (Supplementary Fig. 11). Re-probing of a typical 
ATXN3 immunoblot with the polyQ-specific 1C2 antibody revealed 
the presence of several polyQ-containing fragments within the SDS- 
insoluble aggregates (Fig. 2f). Mechanistically, polyQ-driven aggrega- 
tion typically involves recruitment of other polyQ proteins, including 
the TATA binding protein (TBP), which has been detected in ATXN3- 
containing aggregates in MJD patients’*. In agreement with these pre- 
vious observations, prominent bands in the 1C2 immunoblot were 
identified as TBP (44 kDa) and fragments thereof (Fig. 2g and Sup- 
plementary Fig. 12). These data indicate that aggregation of ATXN3 
can be robustly evoked in MJD-derived neurons and that other polyQ 
containing proteins are recruited into ATXN3-containing aggregates. 

In MJD models, both caspase- and calpain-mediated cleavage of 
ATXN3 has been reported'**!”. However, it is still unclear which 
protease accounts for ATXN3 cleavage in MJD patients’*"°. As both 
enzymes depend on intracellular Ca~*, we next tested the effect of 
inhibitors of both protease families on ATXN3 aggregation. No 
inhibition of ATXN3 aggregation was observed in cells treated with 
the caspase-1 inhibitor Ac-YVAD-CHO, the caspase-3 inhibitor 
Z-DEVD-FMK or the pan-caspase inhibitor Z-VAD-FMK (all 
10 uM; Fig. 3a and Supplementary Figs 13 and 14). In contrast, treat- 
ment with the calpain inhibitors ALLN (100M) and calpeptin 
(200 LM) resulted in complete disappearance of SDS-insoluble material, 
indicating a critical involvement of Ca”*-dependent calpain proteases 
in the aggregation of expanded ATXN3 (Fig. 3b and Supplementary 
Figs 13 and 14). Inhibition of aggregate formation was also observed at 
lower concentrations of ALLN (10 1M) and calpeptin (20 uM; Sup- 
plementary Fig. 15). Inhibitors of other main protease families (200/ 
201M leupeptin/pepstatin or 21M aprotinin) had no influence on 
aggregate formation (Fig. 3c and Supplementary Fig. 14). Thus, calpain- 
mediated cleavage of ATXN3 seems to be critical for aggregate formation. 

Pathology in MJD patients is predominant in neurons. We thus asked 
whether L-glutamate-dependent aggregate formation is restricted to 
neurons or whether it can also be evoked in other cell types such 
as MJD iPSCs, MJD fibroblasts or MJD glia. Importantly, in these 


Figure 4 | ATXN3 aggregation is neuron 


So Sw . 
a we Oe b + Glutamate specific. a, L-glutamate induces aggregation of 
ear +EDTA +D-APV +NBQX +TIX ATXNS3 in neurons but not in other cell types such 
So Soy So So Seo Se as fibroblasts, iPSCs or glia. Sample ‘MJD 
= 4 LIT PRL IDEN SRL SRL OS fibroblasts’ was from the same experiment and 
S ee processed in parallel with the other samples but 
MJD fibroblasts 5 = Z =3s s a 3s * blotted and exposed separately. b, ATXN3 
= =: 36 aggregation in the presence of EDTA, D-APV, 
eacliiemate NBQX and TTX. Shown are representative western 
= -- c blot analyses (out of n = 3) of clone MJD1-9 with 
® = _ BABY ATXN3 antibody no. 986 (ref. 17). c, Proposed 
a , EDTA ‘glutamate \Bqx TIX EDTA model of excitation-induced aggregate formation 
= Mae y..° on, aig involving activation-dependent Ca*~ influx via 
5 + Glutamate eae Coe voltage-gated Ca?* channels and subsequent 
oa * = - calpain-mediated ATXN3 cleavage. Scale bars: 
s® -=- Buh 250 um. PA, formic acid; TX100, Triton X-100. 
Na*/Ca?* Nat K+ calpeptin 
MJD glia 
¥ 
+Glutamate | Calpain 


Aggregation/ 
recruitment 


ar 


MJD neurons 


Cleavage 


22/29 DECEMBER 2011 | VOL 480 | NATURE | 545 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


experiments only MJD neurons formed SDS-insoluble aggregates 
(Fig. 4a and Supplementary Fig. 14). As glial cells also express ionotropic 
and metabotropic glutamate receptors we became interested in whether 
aggregate formation in neurons involves a Ca”* influx mediated by 
depolarization-induced activation of voltage-gated Ca** channels. 
Stimulation under simultaneous depletion of extracellular Ca** by 
EDTA (500 1M) revealed that aggregation of ATXN3 was suppressed 
in the presence of EDTA (Fig. 4b). Application of D-APV (50 11M) or 
NBQX (101M; blocking ionotropic NMDA and AMPA receptors, 
respectively) markedly reduced the amount of aggregated ATXN3. 
Notably, preventing membrane-depolarization-induced activation of 
voltage-gated Ca” channels by blockage of Na* channels with tetrodo- 
toxin (TTX; 0.3 14M) completely inhibited the formation of aggregates 
(Fig. 4b and Supplementary Fig. 14). These data indicate that a neuron- 
specific cascade involving functional ion channels is required for protease 
activation and ATXN3 cleavage, and that depolarization-induced Ca*t 
influx via voltage-gated Ca’* channels activated by membrane 
depolarization is essential for the observed phenotype (Fig. 4c). 
Interestingly, this early and clear aggregation phenotype was not 
accompanied by formation of ATXN3-positive inclusion bodies or 
macroaggregates, as analysed by epifluorescence staining 0, 1 and 
24h after stimulation, or by acute toxicity, as measured by ATP con- 
sumption and alamar blue staining 24h, 48 h and 7 d after stimulation 
(Supplementary Fig. 16). This observation is not unexpected, as forma- 
tion of inclusions and neuronal cell death are associated with late 
disease stages and are thought to be promoted by an age-related 
decline in protein homeostasis’’. Our findings support the view that 
early polyQ-driven aggregation does not necessarily imply acute 
cytotoxicity, and that neurons can at least temporarily cope with the 
burden of aggregated polyQ material. Although the molecular mechan- 
isms connecting microaggregate formation to late-stage neuronal 
demise remain to be elucidated, the perception that microaggregates 
indeed represent an early step of MJD pathology is supported by obser- 
vations that they precede large inclusion bodies in several other polyQ 
models including SCA1, SCA7, spinobulbar muscular atrophy and 
other models of MJD*°**. Taken together, our findings demonstrate 
that iPSC-derived patient-specific neurons enable the study of early 
aberrant protein processing in late-onset neurodegenerative disease. 


METHODS SUMMARY 

Cell culture. iPSCs were maintained on irradiated mouse embryonic fibroblasts 
(MEFs) in iPSC media containing DMEM/F12 culture medium supplemented 
with 20% KnockOut serum Replacement, 0.1 mM non-essential amino acids (all 
from Invitrogen), 1 mM 1-glutamine, 0.1 mM P-mercaptoethanol and 50 ng ml 
zebrafish basic fibroblast growth factor (zbFGF). It-NES cells were established as 
described’. 

Excitatory stimulation and solubility analysis. MJD neurons or control neurons 
cultured in 3.5-cm dishes were washed three times with 2 ml BSS (balanced salt 
solution) containing 25mM Tris, 120mM NaCl, 15 mM glucose, 5.4mM KCl, 
1.8mM CaCh, 0.8 mM MgCl, pH 7.4. After treatment with L-glutamate (Sigma, 
no. G8415) or NMDA (Sigma) in BSS for 30 min cells were washed again three 
times and either immediately frozen in liquid N. followed by lysis in RIPA buffer 
(50 mM Tris, 150 mM NaCl, 0.2% Triton X-100) containing 25 mM EDTA or left 
to recover for 30min in differentiation media followed by a second 30 min 
L-glutamate treatment in BSS, and subsequently cultured in differentiation media 
until analysed. For inhibition studies, cells were pre-treated with the inhibitors for 
30 min, followed by stimulation in the presence of the inhibitors. After treatment 
cells were kept in differentiation media without inhibitors until analysed. 

The schematic shown in Fig. 4c was produced using Servier Medical Art (http:// 
www.servier.com). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 12 July 2010; accepted 25 October 2011. 
Published online 23 November 2011. 


1. Berke, S. J., Schmied, F. A., Brunt, E. R., Ellerby, L. M. & Paulson, H. L. Caspase- 


mediated proteolysis of the polyglutamine disease protein ataxin-3. J. Neurochem. 
89, 908-918 (2004). 


546 | NATURE | VOL 480 | 22/29 DECEMBER 2011 


2. Jung, J., Xu, K., Lessing, D. & Bonini, N. M. Preventing ataxin-3 protein cleavage 
mitigates degeneration in a Drosophila model of SCA3. Hum. Mol. Genet. 18, 
4843-4852 (2009). 

3. Tarlac, V. & Storey, E. Role of proteolysis in polyglutamine disorders. J. Neurosci. 
Res. 74, 406-416 (2003). 

4. Wellington, C. L. et al. Caspase cleavage of gene products associated with triplet 
expansion disorders generates truncated fragments containing the polyglutamine 
tract. J. Biol. Chem. 273, 9158-9167 (1998). 

5. Rubinsztein, D.C., Wyttenbach, A. & Rankin, J. Intracellular inclusions, pathological 
markers in diseases caused by expanded polyglutamine tracts? J. Med. Genet. 36, 
265-270 (1999). 

6. Goti, D. etal. A mutant ataxin-3 putative-cleavage fragment in brains of Machado- 
Joseph disease patients and transgenic mice is cytotoxic above a critical 
concentration. J. Neurosci. 24, 10266-10279 (2004). 

7. Chen, S., Ferrone, F. A. & Wetzel, R. Huntington’s disease age-of-onset linked to 
polyglutamine aggregation nucleation. Proc. Nat! Acad. Sci. USA 99, 
11884-11889 (2002). 

8. Schaffar, G. et al. Cellular toxicity of polyglutamine expansion proteins: 
mechanism of transcription factor deactivation. Mol. Cell 15, 95-105 (2004). 

9. Gatchel, J. R. & Zoghbi, H. Y. Diseases of unstable repeat expansion: mechanisms 
and common principles. Nature Rev. Genet. 6, 743-755 (2005). 

10. Williams, A. J. & Paulson, H. L. Polyglutamine neurodegeneration: protein 

misfolding revisited. Trends Neurosci. 31, 521-528 (2008). 

11. Berridge, M. J. Neuronal calcium signaling. Neuron 21, 13-26 (1998). 

12. Koch, P., Opitz, T., Steinbeck, J. A., Ladewig, J. & Bristle, O. A rosette-type, self- 

renewing human ES cell-derived neural stem cell with potential for in vitro 

instruction and synaptic integration. Proc. Nat! Acad. Sci. USA 106, 3225-3230 

(2009). 

13. Thakur, A. K. & Wetzel, R. Mutational analysis of the structural organization of 

polyglutamine aggregates. Proc. Nat! Acad. Sci. USA 99, 17014-17019 (2002). 

14. Ikeda, H. et al. Expanded polyglutamine in the Machado—Joseph disease protein 

induces cell death in vitro and in vivo. Nature Genet. 13, 196-202 (1996). 

15. Scherzinger, E. et al. Huntingtin-encoded polyglutamine expansions form 

amyloid-like protein aggregates in vitro and in vivo. Cell 90, 549-558 (1997). 

16. Haacke, A. etal. Proteolytic cleavage of polyglutamine-expanded ataxin-3 is critical 

for aggregation and sequestration of non-expanded ataxin-3. Hum. Mol. Genet. 15, 

555-568 (2006). 

17. Haacke, A., Hartl, F. U. & Breuer, P. Calpain inhibition is sufficient to suppress 

aggregation of polyglutamine-expanded ataxin-3. J. Biol. Chem. 282, 

18851-18856 (2007). 

18. Uchihara, T. etal. Non-expanded polyglutamine proteins in intranuclear inclusions 

of hereditary ataxias: triple-labeling immunofluorescence study. Acta Neuropathol. 

102, 149-152 (2001). 

19. Hartl, F.U., Bracher, A. & Hayer-Hartl, M. Molecular chaperones in protein folding 
and proteostasis. Nature 475, 324-332 (2011). 

20. Yoo, S. Y. et al. SCA7 knockin mice model human SCA7 and reveal gradual 
accumulation of mutant ataxin-7 in neurons and abnormalities in short-term 
plasticity. Neuron 37, 383-401 (2003). 

21. Watase, K. et al. A long CAG repeat in the mouse Sca1 locus replicates SCA1 
features and reveals the impact of protein solubility on selective 
neurodegeneration. Neuron 34, 905-919 (2002). 

22. Li, M., Chevalier-Larsen, E. S., Merry, D. E. & Diamond, M. |. Soluble androgen 
receptor oligomers underlie pathology ina mouse model of spinobulbar muscular 
atrophy. J. Biol. Chem. 282, 3157-3164 (2007). 

23. Williams, A. J., Knutson, T. M., Colomer Gould, V. F. & Paulson, H. L. /n vivo 
suppression of polyglutamine neurotoxicity by C-terminus of Hsp70-interacting 
protein (CHIP) supports an aggregation model of pathogenesis. Neurobiol. Dis. 33, 
342-353 (2009). 


a 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank S. Auel, D. Ktihne, M. Segschneider and V. Dobberahn 
for technical support, A. Leinhaas for conducting the teratoma assays and H. L. Paulson 
for providing the polyclonal ATXN3 antibody used for immunocytochemistry. The 
human embryonic stem cell lines H9 and |3 (used as control for quantitative PCR) and 
16 (originally used to derive the It-NES cells) were provided by J. Itskovitz-Eldor 
(Technion, Israel Institute of Technology, Haifa, Israel). The work was supported by the 
German Federal Ministry for Education and Research (BMBF; grants 01GNO813, 
01GS0860), the European Union (LSHG-CT-2006-018739, ESTOOLS; 
HEALTH-F5-2010-266753, SCR&Tox), the Deutsche Forschungsgemeinschaft 
(WU184/6-1, EV143/1-1), BONFOR and the Hertie Foundation. 


Author Contributions P.K. and P.B.: conception and study design, directed 
differentiation of iPSCs, cellular/molecular assays for disease modelling, data 
assembly, analysis and interpretation, writing of manuscript; M.P. and JJ.: iPSC clone 
derivation, maintenance and validation, directed differentiation of iPSCs; J.K., D.P., J.D., 
J.L, J.M., P.H.: data collection, analysis and interpretation; B.O.E., U.W., T.K.: conception, 
data analysis and interpretation; T.T.: provision of material; 0.B.: conception, data 
analysis and interpretation, writing of manuscript. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of this article at 
www.nature.com/nature. Correspondence and requests for materials should be 
addressed to O.B. (brustle@uni-bonn.de). 


©2011 Macmillan Publishers Limited. All rights reserved 


METHODS 

Retrovirus production and human iPSC induction. Retroviral plasmids for 
OCT4, SOX2, KLF4 and c-MYC” (plasmids 17217, 17218, 17219 and 17220) were 
obtained from Addgene. PhoenixGP cells (ATCC no. 3514) cultured in 10-cm 
plates were co-transfected with retroviral and VSV-G vector (plasmid 12259, 
Addgene) using FUGENE HD (Roche). Viral supernatants were harvested on 
day two and three after transfection, filtered through a 0.45-j1m cellulose acetate 
filter and centrifuged at 5 X 10* average g force for 90 min. Dermal fibroblasts were 
plated ata density of 5 X 10* cells per well ofa 12-well plate and infected overnight 
with retrovirus in the presence of 6 1g ml‘ polybrene and 4ng ml * FGF2. The 
infection procedure was repeated the next day. For the reprogramming of MJD2, 
MJD3, MJD4 and Ctrl2 alternative retroviruses coding for OCT4, SOX2, KLF4 and 
c-MYC (Addgene plasmids 20072, 20073, 20074 and 20075) were produced in 
PlatA cells (Cell Biolabs). Four days after transduction, cells were split into plates 
pre-seeded with mouse embryonic fibroblasts (MEFs). Medium was switched to 
human iPSC medium containing DMEM/F12 culture medium supplemented 
with 20% KnockOut Serum Replacement, 0.1mM non-essential amino acids 
(all from Invitrogen), 1 mM L-glutamine, 0.1 mM {-mercaptoethanol and 50 ng 
ml ! zebrafish basic fibroblast growth factor (zbFGF) 6 days after transduction 
and changed every other day. Four weeks after transduction, colonies with human 
ES cell morphology were manually picked, carefully triturated and expanded to 
establish human iPSC lines. iPSCs were maintained on irradiated MEFs in iPSC 
medium and split at a 1:3 to 1:4 ratio every 4-5 days. 

Teratoma formation. For teratoma formation, 1 X 10° cells were resuspended as 
clumps in human ES cell medium and injected into the testis of immune- 
compromised SCID beige mice. After 5-8 weeks, tumours were isolated, fixed 
overnight in 4% paraformaldehyde (PFA) and subjected to histological examina- 
tion using haematoxylin and eosin staining. 

SNP analysis. Genomic DNA was prepared using the DNeasy Blood & Tissue Kit 
(Qiagen). Whole-genome single nucleotide polymorphism (SNP) genotyping was 
performed at the Institute of Human Genetics at the University of Bonn. Genomic 
DNA at a concentration of 50. ng ul’ was used for whole-genome amplification. 
Afterwards, the amplified DNA was fragmented and hybridized to sequence- 
specific oligomers bound to beads on an Illumina Human610-Quad chip or a 
HumanCytoSNP-12 chip. Data were analysed using Illumina BeadStudio. 
Analysis of transgene silencing. Total RNA was extracted using TRIzol reagent 
(Invitrogen). To generate cDNA, RNA was incubated with DNase I (Promega) 
and reverse transcribed with BioRad iScript Kit (BioRad) according to the 
manufacturer's manual. Quantitative RT-PCR was performed using the iCycler 
(BioRad) platform following the manufacturer’s instruction. All results were 
normalized to GAPDH. Primers used for the analysis of transgene silencing and 
expression of pluripotency-associated genes were: OCT4 endo, forward, 
GACAGGGGGAGGGGAGGAGCTAG; reverse, GTTCCCTCCAACCAGTTG 
CCCCAAAC; OCT4 total, forward, GTGGAGGAAGCTGACAACAA,; reverse, 
ATTCTCCAGGTTGCCTCTCA; SOX2 endo, forward, GTATCAGGAGTTGTC 
AAGGCAGAG; reverse, TCCTAGTCTTAAAGAGGCAGCAAAC; SOX2 total, 
forward, GCCGAGTGGAAACTTTTGTCG; reverse, GCAGCGTGTACTTA 
TCCTTCTT; c-MYC endo, forward, TTCGGGTAGTGGAAAACCAG; reverse, 
CCTCCTCGTCGCAGTAGAAA; c-MYC total, forward, AAGACTCCAGCG 
CCTTCTCT; reverse, TCTTGTTCCTCCTCAGAGTCG; KLF4 endo, forward, 
GACCAGGCACTACCGTAAACA; reverse, CTGGCAGTGTGGGTCATATC; 
KLF4 total, forward, CCCAATTACCCATCCTTCCT; reverse, ACGATCGTCTT 
CCCCTCTTT; GAPDH, forward, TGACAACTTTGGTATCGTGGA; reverse, 
CCAGTAGAGGCAGGGATGAT. ‘Total’ refers to primers for amplification of 
transgenes and endogenous genes, ‘endo’ to primers for amplification of endogenous 
genes only. 

Genomic repeat length analysis. Genomic DNA was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen). PCR amplification of exon 10 of the MJD1 gene was 
performed using Phusion Polymerase (Finnzymes; primers: MJDfw, AGCACTT 
CCATATTTTAAAGTAATCTG;, MJDrv, TGCTCCTTAATCCAGGGAAA). 
PCR included a pre-incubation at 98°C for 30s followed by 35 cycles of 
denaturation at 98 °C for 10s, annealing at 60 °C for 30s and extension at 72 °C 
for 60s with a final extension step at 72 °C for 10 min. Fragments were extracted 
from the gel and subsequently sequenced. 

Neural differentiation of iPSCs. iPSC colonies were detached with collagenase 
(Invitrogen) and plated on non-adhesive plastic dishes in iPSC media without 
FGF2 and B-mercaptoethanol to form embryoid bodies (EBs). Medium was changed 
every second day, and at day 5-7 EBs were plated on poly-L-ornithine/laminin (both 
Sigma) coated tissue culture plates. Neural rosette structures started to emerge about 
1 week after plating and were carefully picked at day 8-12. Picked neural rosettes 
were cultured in suspension for 2 days in DMEM/F12, 2 mM L-glutamine, 1.6 g]~ v 
glucose, 0.1 mg ml ' penicillin/streptomycin, N2 supplement (1:100; Invitrogen), 
then dissociated with trypsin, plated onto poly-L-ornithine/laminin-coated plates 
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and propagated in N2 medium supplemented with B27 (1 plml”', Invitrogen), 
10ngml * FGF2 and 10ngml ' EGE (both from R&D systems). Cells were pas- 
saged at a ratio of 1:2-1:3 every 2-3 days using trypsin. Neuronal differentiation was 
induced as described’? by removing the growth factors FGF2 and EGF from the 
media and culturing the cells in Neurobasal medium supplemented with B27 (1:50, 
Invitrogen) and DMEM/F12 supplemented with N2 (1:100) mixed at a 1:1 ratio. 
300 ng ml ' cAMP was added to the differentiation media. Stimulation experiments 
were conducted in neuronal cultures 6-8 weeks after growth factor withdrawal. 
Differentiation into glial cells was performed by culturing MJD It-NES cells in N2 
medium supplemented with 5% fetal calf serum (FCS) and 10 ng ml ' CNTE. Three 
weeks later cells were trypsinized, filtered through a cell mesh and cultured in N2 
medium supplemented with 5% FCS and 10ngml~' EGF for 3-5 passages. Glial 
cultures used for the experiments were stained for GFAP and [III-tubulin in parallel 
and showed only very occasional PIII-tubulin positive neurons (<1:1,000). 
Immunocytochemical analysis. Cells were fixed with 4% PFA in PBS for 10 min at 
room temperature (20 °C) and blocked in 10% FCS (Invitrogen) in PBS. For detection 
of the pluripotency-associated markers TRA-1-60, TRA-1-81, SSEA-3 and SSEA-4 
samples were incubated with primary antibodies at room temperature for 2 h, washed 
three times, incubated with secondary antibody for 45 min, counterstained with 
DAPI and mounted with Mowiol 4-88 mounting solution (Carl Roth). For all other 
antibodies cells were blocked in 0.1% Triton X-100 (Sigma) and 10% FCS in PBS, 
incubated with the primary antibodies for 16 h at 4 °C, washed three times, incubated 
with secondary antibody, counterstained with DAPI and mounted with Mowiol 4-88. 
Primary antibodies and concentrations were as follows: TRA-1-60 (1:500, 
Invitrogen), TRA-1-81 (1:500, Invitrogen), SSEA3 and SSEA4 (both 1:80, gifts 
from P. Andrews; ESTOOLS consortium), SOX2 (1:500, R&D Systems), nestin 
(1:600, R&D Systems), DACH1 (1:100, Proteintech), PLZF (1:50, Calbiochem), 
ZO-1 (1:100, Zymed), PllI-tubulin (1:2,500, Covance), MAP2ab (1:250, 
Chemicon), GFAP (1:1,000, DAKOCytomation), GABA (1:800, Sigma) and 
ATXN3 (1:1,000, gift from H. L. Paulson). Secondary antibodies were Alexa488 
anti-ms, Alexa555 anti-ms, Alexa488 anti-rb, Alexa555 anti-rb (all 1:1,000, 
Invitrogen), Cy3 anti-rat (1:300, Jackson/Dianova). Images were acquired with 
an AxioCam MRn and processed using Axiovision Software (Zeiss). 
Western blotting. MJD neurons or control neurons cultured in 3.5-cm dishes 
were washed three times with 2 ml BSS (balanced salt solution) containing 25 mM 
Tris, 120 mM NaCl, 15 mM glucose, 5.4 mM KCl, 1.8 mM CaCl, 0.8 mM MgCh, 
pH 7.4. After treatment with L-glutamate (Sigma, no. G8415) or NMDA (Sigma) in 
BSS for 30 min cells were washed again three times and either immediately frozen 
in liquid N, followed by lysis in RIPA buffer (50mM Tris, 150 mM NaCl, 0.2% 
Triton X-100) containing 25 mM EDTA or left to recover for 30 min in differenti- 
ation media followed by a second 30 min L-glutamate treatment in BSS, and sub- 
sequently cultured in differentiation media until analysed. For inhibition studies, 
cells were pre-treated with the inhibitors for 30 min, followed by stimulation in the 
presence of the inhibitors. After treatment cells were kept in differentiation media 
without inhibitors until analysed. For analysis of fragmentation and aggregation of 
ATXN3 by SDS-PAGE and western blotting, extracts were analysed either imme- 
diately after lysis or after fractionation. For fractionation, lysates containing 1-2 pg 
ul? total protein dissolved in 50mM Tris, 150mM NaCl, 0.2% Triton X-100, 
25mM EDTA (RIPA buffer) were centrifuged at 22,000g for 30 min at 4°C. The 
pellet fractions were separated from supernatants (Triton X-100-soluble fraction) 
and homogenized in 150 pl RIPA buffer containing 2% SDS followed by a second 
centrifugation step at room temperature. The supernatants (SDS-soluble fraction) 
were removed, and the remaining pellets were incubated for 16h in 100% formic 
acid at 37 °C”. After evaporation in a Speed Vac concentrator (Thermo Scientific), 
the pellet was dissolved in 50 pl Laemmili-buffer (SDS-insoluble fraction) followed 
by pH adjustment with 2 M Tris-base for SDS-PAGE analysis. Gels were loaded 
with 40 ug of the Triton X-100 fraction, 37.5 ul of the SDS-soluble fraction and the 
complete SDS-insoluble fraction. Western blot analyses were performed following 
standard procedures’. Before probing membranes with different antibodies, 
bound antibodies were removed by incubation in stripping buffer (63 mM Tris/ 
HCl (pH 6.7), 2% SDS, 100 mM -mercaptoethanol) for 1h at 50 °C followed by 
extensive washes in TBS. Extracts for assessing glutamate stimulation of iPSCs 
were prepared from feeder-free cultures. The raise and purification of the 
polyclonal antiserum against rat ATXN3 (no. 986) is described elsewhere'’. The 
monoclonal anti-polyQ antibody (clone 1C2) and the monoclonal anti-TBP 
antibody to 18 N-terminal amino acid residues of TBP (MAB 3658) were purchased 
from Chemicon, the anti-actin antibody (AC40) was obtained from Sigma, and 
anti-AcH3 antibody from Upstate. Unless specified otherwise in the figure legends, 
compiled blots in the individual figures represent samples from the same experi- 
ment, which were processed, blotted and exposed in parallel. 
Electrophysiological recordings. Whole-cell current-clamp and voltage-clamp 
recording was carried out with Axopatch-200B amplifier (Molecular Devices) that 
was interfaced by an A/D-converter (Digidata 1440, Molecular Devices) to a PC 
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running PClamp software (Version 10, Molecular Devices). Pipette electrodes 
(GB150F-8P, Science Products) were fabricated using a vertical puller 
(Narishige PC-10) and fire polished (final tip resistances 2-4 MQ). All recordings 
were performed at room temperature in a bath solution containing (in mM): 140 
NaCl, 5 KCl, 2 CaClz, 1 MgCl, 10 HEPES and 25 p-glucose (pH 7.2, osmolality 
310-320 mOsm). For most recordings of membrane potential or current, the 
patch pipette contained the following (in mM): 120 potassium gluconate 
(CsH,,07K) or potassium fluoride, 20 KCl, 10 NaCl, 10 EGTA, 1 CaCh, 4 Mg 
ATP, and 0.4 Na GTP and 10 HEPES (pH 7.2, osmolality 280-290 mOsm). For 
some voltage-clamp recording, another pipette solution was used (in mM): 110 
cesium fluoride, 11 EGTA, 5 ATP-Na, 0.5 GTP-Tris, 2 MgCl, 20 TEA-Cl and 10 
HEPES-Na (pH 7.2, osmolality 280-290 mOsm). To isolate excitatory and 
inhibitory postsynaptic currents (sEPSCs and sIPSCs), another pipette filling 
solution was used (in mM): 110 cesium methanesulphonate (CH303SCs), 10 
TEA-Cl, 5 QX-314, 10 EGTA, 1 CaCl, 10 phosphocreatine Naz, 4 Mg-ATP, 0.4 


Na-GTP and 0.25% biocytin (pH 7.2, 280-290 mOsm). For this solution holding 
potential was corrected for 8mV junction potential. sEPSCs and sIPSCs were 
recorded at a Vicia of —70 mV and 0 mV, respectively. 

Survival assays. MJD neurons or Ctrl neurons were plated into 96-well dishes and 
differentiated for 6 weeks in differentiation media. Cells were stimulated twice 
with glutamate as described earlier and analysed 24h, 48h and 7 days later. 
Analysis of alamar blue staining and quantification of the ATP content was per- 
formed using the commercial kits alamar blue (Invitrogen) and CellTiter-Glo 
(Promega) according to the manufacturer’s instructions. 


24. Takahashi, K. et al. Induction of pluripotent stem cells from adult human 
fibroblasts by defined factors. Cel/ 131, 861-872 (2007). 

25. Hazeki, N., Tukamoto, T., Goto, J. & Kanazawa, |. Formic acid dissolves aggregates 
of an N-terminal huntingtin fragment containing an expanded polyglutamine 
tract: applying to quantification of protein components of the aggregates. 
Biochem. Biophys. Res. Commun. 277, 386-393 (2000). 
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Dopamine neurons derived from human ES cells 
efficiently engraft in animal models of 


Parkinson’s disease 


Sonja Kriks>?*, Jae-Won Shim!?*, Jinghua Piao’?, Yosif M. Ganat'?, Dustin R. Wakeman‘, Zhong Xie°, Luis Carrillo-Reid”, 
Gordon Auyeung??, Chris Antonacci>*’, Amanda Buch’, Lichuan Yang®, M. Flint Beal°, D. James Surmeier?, Jeffrey H. Kordower’, 


Viviane Tabar>? & Lorenz Studer!?*? 


Human pluripotent stem cells (PSCs) are a promising source of cells 
for applications in regenerative medicine. Directed differentiation of 
PSCs into specialized cells such as spinal motoneurons’ or midbrain 
dopamine (DA) neurons” has been achieved. However, the effective 
use of PSCs for cell therapy has lagged behind. Whereas mouse PSC- 
derived DA neurons have shown efficacy in models of Parkinson’s 
disease**, DA neurons from human PSCs generally show poor in vivo 
performance’. There are also considerable safety concerns for PSCs 
related to their potential for teratoma formation or neural over- 
growth®’. Here we present a novel floor-plate-based strategy for 
the derivation of human DA neurons that efficiently engraft in vivo, 
suggesting that past failures were due to incomplete specification 
rather than a specific vulnerability of the cells. Midbrain floor-plate 
precursors are derived from PSCs 11 days after exposure to small 
molecule activators of sonic hedgehog (SHH) and canonical WNT 
signalling. Engraftable midbrain DA neurons are obtained by day 
25 and can be maintained in vitro for several months. Extensive 
molecular profiling, biochemical and electrophysiological data 
define developmental progression and confirm identity of PSC- 
derived midbrain DA neurons. In vivo survival and function is 
demonstrated in Parkinson’s disease models using three host species. 
Long-term engraftment in 6-hydroxy-dopamine-lesioned mice and 
rats demonstrates robust survival of midbrain DA neurons derived 
from human embryonic stem (ES) cells, complete restoration of 
amphetamine-induced rotation behaviour and improvements in 
tests of forelimb use and akinesia. Finally, scalability is demonstrated 
by transplantation into parkinsonian monkeys. Excellent DA neuron 
survival, function and lack of neural overgrowth in the three animal 
models indicate promise for the development of cell-based therapies 
in Parkinson’s disease. 

Recent mouse genetic studies have demonstrated an important role 
for the transcription factor FOXA2 during midbrain DA neuron 
development*’. A unique feature of the developing midbrain is the 
coexpression of the floor-plate (FP) marker FOXA2 and the roof plate 
marker LMX1A. Normally, FP and roof plate cells are located at dis- 
tinct positions in the central nervous system (ventral versus dorsal) 
and show diametrically opposed patterning requirements'®’’. We 
recently reported the derivation of FP precursors from ES cells’? using 
a modified dual-SMAD inhibition protocol'*. Canonical Wnt signal- 
ling is important for both roof plate function'’* and midbrain DA 
neuron development'’. We therefore proposed that WNT activation 
may induce LMX1A expression and neurogenic conversion of PSC- 
derived midbrain FP towards DA neuron fate. Here we report that 
exposure to CHIR99021 (CHIR), a potent GSK3B inhibitor known to 


strongly activate WNT signalling’®, induces LMX1A in FOXA2+ FP 
precursors (Fig. la). CHIR was much more potent than recombinant 
WNT3A or WNT1 at inducing LMX1A expression (data not shown). 
The efficiency of LMX1A induction was dependent on the timing of 
CHIR exposure with a maximum effect from day 3 to day 11 (Sup- 
plementary Fig. 1). CHIR was the most critical factor for inducing 
coexpression of FOXA2/LMX1A, while other factors such as FGF8 had 
only marginal effects (Supplementary Fig. 2). Induction of FOXA2/ 
LMX1A coexpression required strong activation of SHH signalling 
using purmorphamine, a small molecule agonist, alone or in combina- 
tion with recombinant SHH (Supplementary Fig. 3). Treatment with 
SHH agonists (purmorphamine + SHH) and FGF8 (S/F8) in the 
absence of CHIR showed significantly lower expression of FOXA2 
by day 11 and complete lack of LMX1A expression (Fig. 1a, b). Dual 
SMAD inhibition (exposure to LDN193189 + SB431542, “LSB’) did 
not yield FOXA2-expressing cells, but a subset of LMX1A+ cells 
(Fig. la, b). The anterior marker OTX2 was robustly induced in 
LSB- and LSB/S/F8/CHIR-treated cultures, but not under LSB/S/F8 
conditions (Fig. la, c). Systematic comparisons of the three culture 
conditions (Fig. 1d) were performed using global temporal gene 
expression profiling. Hierarchical clustering of differentially expressed 
genes segregated the three treatment conditions by day 11 of differ- 
entiation (Supplementary Fig. 4a). FOXA1, FOXA2 and several other 
SHH downstream targets including PTCH1 were among the most 
differentially regulated transcripts in LSB/S/F8/CHIR versus LSB treat- 
ment sets (Fig. le). Expression of LMX1A, NGN2 (also known as 
NEUROG2) and DDC indicated establishment of midbrain DA neuron 
precursor fate already by day 11 (Fig. le, f). In contrast, LSB cultures 
were enriched for dorsal forebrain precursor markers such as HESS, 
PAX6, LHX2 and EMXz2. Direct comparison of LSB/S/F8/CHIR versus 
LSB/S/F8 treatment (Fig. 1f) confirmed selective enrichment for 
midbrain DA precursor markers in LSB/S/F8/CHIR group and sug- 
gested hypothalamic precursor identity in LSB/S/F8-treated cultures 
based on the differential expression of RAX, SIX3 and SIX6 (ref. 17) 
(see also POMC and OTP expression in Fig. 2d below). The full list of 
differentially expressed transcripts (Supplementary Tables 1 and 2) 
and gene ontology analysis (Supplementary Fig. 4b) (DAVID; http:// 
david.abcc.ncifcrf.gov, ref. 18) confirmed enrichment for canonical 
WNT signalling upon CHIR treatment (raw data available at the 
Gene Expression Omnibus). Comparative temporal gene expression 
analysis for markers of midbrain DA precursors (Fig. 1g) versus 
anterior and ventral non-DA fates (Fig. 1h) partitioned the three 
induction conditions into (1) LSB: dorsal forebrain; (2) LSB/S/F8: 
ventral/hypothalamic; (3) LSB/S/F8/CHIR: midbrain DA identity. 
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By day 25, all three conditions yielded TUJ1+ neurons (Fig. 2a) and 
cells expressing TH, the rate-limiting enzyme in the synthesis of DA. 
However, only the LSB/S/F8/CHIR group yielded TH+ cells coexpres- 
sing LMX1A and FOXA2 as well as the nuclear receptor NURRI (also 


=e PAX6 te EMX2 ~e~ LHX2 = NKX2.1 -@-NKX2.2 -@-NKX6.2 te /SL1 


known as NR4A2) (Fig. 2a, b). Comparing gene expression in day 13 
versus day 25 cultures confirmed robust induction of postmitotic DA 
neuron markers (Fig. 2c). Characterizing DA neuron identity at day 25 
in comparison to LSB and LSB/S/F8 showed enrichment for known 
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midbrain DA neuron transcripts and identified multiple novel can- 
didate markers (Fig. 2d, Supplementary Tables 3-5 and Supplemen- 
tary Fig. 4b). For example, the transcript most highly enriched in LSB/ 
S/F8/CHIR (midbrain DA group) was TFF3, a gene not previously 
associated with midbrain DA neuron development, but highly 
expressed in the human substantia nigra (Supplementary Fig. 4c; 
Allen Brain Atlas http://human.brain-map.org). Similar data were 
obtained for EBF1, EBF3 (Supplementary Fig. 4c) as well as TTR, a 
known transcriptional target of FOXA2 in the liver’. We observed 
enrichment of several PITX genes, and PITX3, a classic marker of 
midbrain DA neurons, was also expressed robustly at day 25 of differ- 
entiation (Fig. 2e). Finally, both midbrain FP and DA neuron induc- 
tion was readily reproduced in independent ES cell and human 
induced PSC lines (Supplementary Fig. 5). Our data demonstrate that 
the LSB/S/F8/CHIR protocol yields cells expressing a marker profile 
matching midbrain DA neuron fate. 

We next proceeded to determine the in vitro and in vivo properties 
of FP-derived DA neurons in comparison to DA neurons obtained via 
a neural rosette intermediate’ (Supplementary Fig. 6). Patterning of 
neural rosettes represents the currently most widely used strategy for 
deriving DA neurons from PSCs**”°. Both FP- and rosette-based pro- 
tocols were efficient at generating TH+ neurons capable of long-term 
in vitro survival (day 50 of differentiation; Fig. 3a). However, the 
percentage of TH+ cells was significantly higher in FP-derived 
cultures (Fig. 3b). Whereas TH+ cells in both protocols showed co- 
expression of NURRI, only FP-derived DA neurons coexpressed 
FOXA2 and LMX1A (Fig. 3a,b). Few GABA- (y-aminobutyric acid) 
and serotonin (5-HT)-positive neurons were observed (Fig. 3c). DA, 
and its metabolites DOPAC (3,4-dihydroxy-phenylacetic acid )and 
HVA (homovanillic acid), were present in cultures generated with 
either protocol, but DA levels were approximately eight times higher 
in FP cultures (Fig. 3d, e). Midbrain DA neurons showed extensive 
fibre outgrowth and robust expression of mature neuronal markers 
including synapsin, dopamine transporter (DAT) and G-protein- 
coupled, inwardly rectifying potassium channel (KCNJ6 (Kir3.2), also 
called GIRK2), expressed in substantia nigra pars compacta (SNPC) 
DA neurons (Fig. 3f and Supplementary Fig. 7). 

SNPC DA neurons in vivo show an electrophysiological phenotype 
that differentiates them from most other neurons in the brain. In par- 
ticular, they spike spontaneously at a slow (1-3 Hz) rate. Moreover, this 
slow spiking is accompanied by a slow, sub-threshold oscillatory 
potential”'”’. After 2-3 weeks in vitro, these same physiological features 
are shown by SNPC DA neurons grown from early postnatal mice (data 
not shown). The DA neurons differentiated from ES cells consistently 
(4/4) had this distinctive physiological phenotype (Fig. 3g-i). Future 
studies will be required to determine whether all features of SNPC DA 
neurons are recapitulated by the ES cell DA neurons in vitro or whether 
full differentiation will require maturation in vivo. However, our data 
indicate that FP-derived DA neurons do show the cardinal physio- 
logical features of mature SNPC DA neurons. 

A major challenge in the field has been the ability to generate PSC- 
derived midbrain DA neurons that functionally engraft in vivo without 
the risk of neural overgrowth’ or inappropriate differentiation into 
non-midbrain neurons”. On the basis of fetal tissue transplantation 
studies** we proposed that the time of cell cycle exit, marked by 
expression of NURRI (ref. 25), may be a suitable stage for grafting 
(~day 25 of differentiation, Fig. 2). Initial studies using day 25 cells in 
non-lesioned adult mice showed robust survival of PSC-derived 
FOXA2+/TH+ neurons at 6 weeks after transplantation (Supplemen- 
tary Fig. 8). We next addressed whether FOXA2+/TH+ cells survive 
long-term in parkinsonian hosts without resulting in neural over- 
growth. To this end, we made 6-hydroxy-dopamine (6-OHDA) 
lesions’ in NOD-SCID IL2Rgc null mice, a strain that efficiently sup- 
ports xenograft survival with particular sensitivity for exposing rare 
tumorigenic cells”’. Both FP- and rosette-derived cultures were grafted 
(1.5 X 10° per animal) without prior purification to reveal potential 
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Figure 3 | In vitro maturation and functional characterization of FP versus 
rosette-derived midbrain DA neurons. a, Immunocytochemistry at day 50 
for TH (red), with LMX1A (green) and FOXA2 (blue; left panels) and NURR1 
(green, right panels). b, Quantification of TH+, FOXA2+, LMX1A~+ and 
NURRI+ cells in rosette- versus FP-derived (LSB/S/F8/CHIR) cultures. 

c, Quantification of serotonin+ (5-HT), and GABA+ neuronal subtypes at day 
50 in rosette- versus FP-derived cultures. d, e, HPLC analysis for DA and 
metabolites. d, Representative HPLC chromatogram in a sample of FP-derived 
cultures. A.U., arbitrary units. e, Levels of DA, DOPAC and HVA in FP- and 
rosette-derived cultures. f, Imnmunocytochemistry in FP-derived cultures (day 
80) for TH (red) and synapsin (green). g-i, Electrophysiological analyses of FP 
cultures at day 80. Phase contrast image of a patched neuron (g) and 
corresponding recordings (h). i, Power analysis showing membrane potential 
oscillations characteristic of DA neuron identity (2~5 Hz). Mean + s.e.m.; 
significance (panels b, c, e) comparing FP versus rosette-derived cultures 
(Student’s t-test): ***P < 0.001; **P < 0.01; *P < 0.05. Scale bars: 50 jtm in 
a, 20 jim in f upper panel and 5 um in f lower panel, and 20 um in g. 


contaminating cells with proliferative potential. Four and a half 
months after transplantation FP-derived DA neuron grafts showed a 
well-defined graft core composed of TH+ cells coexpressing FOXA2 
and human-specific NCAM (Fig. 4a—c). Functional analysis showed a 
complete rescue of amphetamine-induced rotation behaviour. In con- 
trast, rosette-derived grafts had few TH+ neurons, did not produce 
significant reductions in rotation behaviour (Fig. 4d) and showed 
massive neural overgrowth (graft volume > 20 mm’; Supplementary 
Fig. 9). Extensive overgrowth reported here as compared to previous 
work with rosette-derived DA grafts’””* is likely due to the longer 
survival periods (4.5 months versus 6 weeks), lack of fluorescence- 
activated cell sorting purification before transplantation and choice 
of NOD-SCID IL2Rgc null host. The number of proliferating Ki-67+ 
cells was minimal in FP-derived grafts (<1% of total cells), while 
rosette-derived grafts retained pockets of proliferating neural precursors. 
Neural overgrowth is thought to be caused by primitive anterior 
neuroectodermal cells within the graft*’’. This hypothesis was sup- 
ported by the expression of the forebrain marker FOXGI in rosette- 
derived but not FP-derived grafts. A small percentage of astroglial cells 
were present in both FP- and rosette-derived grafts, although most 
GFAP -+ cells were negative for human markers, indicating host origin 
(Supplementary Fig. 9). 
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Figure 4 | In vivo survival and function of FP-derived human DA neurons 
in mouse, rat and monkey Parkinson’s disease hosts. a—d, 6-OHDA-lesioned 
adult mice (NOD-SCID IL2Rgc null strain). a, TH expression and graft 
morphology at 4.5 months after transplantation. b, Expression of human- 
specific marker (NCAM, blue), TH (green) and FOXA2 (red). c, Quantification 
of FOXA2+ and TH+ cells in FP-derived grafts (mean + s.e.m., n = 4 at 4.5 
months after grafting). d, Amphetamine-induced rotation analysis in FP- 
(blue) versus rosette-derived (green) grafts. Scale bars: 500 um ina, and 100 and 
40 um in b (left and right panels, respectively). e-p, 6-OHDA-lesioned adult 
rats. e, f, Immunohistochemistry for TH (green) and human-specific markers 
(red) human nuclear antigen NA (e) and NCAM (f). g, Stereological 
quantification of NA+, TH+ and TH+ cells co-expressing FOXA2 (average 
graft volume = 2.6 + 0.6 mm*). h-j, Coexpression of TH (green) with FOXA2 
(h), PITX3 (i) and NURRI (j) (all three red). k-m, Behavioural analysis in FP- 


Our results in NOD-SCID IL2Rgc null mice demonstrated robust 
long-term survival of FOXA2+/TH-+ neurons, complete reversal of 
amphetamine-induced rotation behaviour and lack of neural over- 
growth. However, some of these outcomes could be attributable to 
the specific use of NOD-SCID IL2Rgc null mice. To test this hypothesis, 
EP-derived DA neuron cultures (2.5 X 10° cells) were transplanted in 
adult 6-OHDA-lesioned rats immunosuppressed pharmacologically 
using cyclosporine A. Five months after transplantation graft survival 
was robust (Fig. 4e-h) with an average of more than 15,000 TH+ cells 
coexpressing FOXA2 (Fig. 4g) and human nuclear antigen (Fig. 4e); 
TH+/NCAM+ fibres emanated from the graft core into the sur- 
rounding host striatum (Fig. 4f). In addition to FOXA2, TH+ cells 
expressed midbrain DA neuron markers PITX3 and NURRI (Fig. 
4h-j). Behavioural analyses showed complete rescue of amphetamine- 
induced rotational asymmetry in contrast to sham-grafted animals 
(Fig. 4k). Grafted animals also showed improvements in the stepping 
test (Fig. 41) measuring forelimb akinesia and in the cylinder test 
(Fig. 4m), assays that do not depend on pharmacological stimulation 
of the DA system. The late onset of recovery (approximately 3-4 
months after transplantation) is expected for human DA neurons 
and depends on the rate of in vivo maturation including levels of 
DAT expression (Fig. 4n). The presence of TH+ cells expressing 
Kir3.2 channels or calbindin indicate that both SNPC (A9) and ventral 
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versus sham-grafted animals. k, Amphetamine-induced rotational asymmetry. 
1, Stepping test: measuring forelimb akinesia in affected versus non-affected 
side. m, Cylinder test: measuring ipsi- versus contra-lateral paw preference. 
Grafted animals showed significant improvement in all three tests (P< 0.01 at 
4.5-5 month; n = 4-6 each). n-p, Immunohistochemistry for TH (green) and 
coexpression (red) with DAT (n), GIRK2 (0) and calbindin (p). Significance 
levels (panels d, k, 1, m): **P < 0.01; *P < 0.05). Scale bars: 200 um in e, 50 tm 
in f, 20 um in h-j and 40 um in n-p. q-t, Adult MPTP-lesioned rhesus 
monkeys. q, Representative graft at 1 month after transplantation expressing 
human specific cytoplasm (cyto.) marker SC-121 (green). r, TH expression in 
graft with surrounding TH+ fibres (arrows). s, Coexpression of SC-121 (red) 
and TH (green). t, Coexpression of FOXA2 (red) and TH+ (green). Scale bars: 
2mm for q, 500 um for r, 200 um for s, and 50 jm for t. 


Calb/TH 


tegmental area (A10) DA neurons are present in the graft (Fig. 40, p). 
As in mice (Supplementary Fig. 9), serotonergic and GABAergic cells 
were rare (<1% of total cells), as were the mostly host-derived GFAP + 
glial cells (7% of total cells; Supplementary Fig. 10). While few 
serotonin+ neurons were detected in the graft, we observed human 
NCAM-negative, likely host-derived serotonergic fibres (Supplemen- 
tary Fig. 10). Our results demonstrate excellent graft survival and 
behavioural outcome in two independent murine models. However, 
the number of DA neurons required in a mouse or rat brain represents 
only a fraction of the cells needed in a human. To test the scalability of 
our approach, we performed pilot grafting studies in two adult 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned rhe- 
sus monkeys. We readily obtained batches of 5 X 10’ transplantable 
DA neuron precursors by day 25 of differentiation using the FP-based 
protocol. Cells were injected at three locations (posterior caudate and 
pre-commissural putamen) on each side of the brain (six tracts in total, 
1.25 X 10° cells per tract), and the animals were immunosuppressed 
with cyclosporine-A. One side of the brain was injected with DA 
precursors from a green fluorescent protein (GFP)-expressing sub- 
clone of H9, while the other side was engrafted with cells derived from 
unmarked H9 cells. One month after transplantation, we observed 
robust survival of midbrain DA neurons based on expression of 
GFP (Supplementary Fig. 11) and the human-specific cytoplasmic 
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marker (SC-121) (Fig. 4q). Each graft core was surrounded by a halo 
of TH+ fibres extending up to 3 mm into the host (Fig. 4r). The 
graft cores were composed of TH+ neurons coexpressing SC-121 
(Fig. 4s) and FOXA2 (Fig. 4t). Areas within the graft contained 
Ibal + host microglia (Supplementary Fig. 11), indicating incomplete 
immunosuppression. 

In conclusion, we present a novel FP-based PSC differentiation 
protocol that faithfully recapitulates midbrain DA neuron develop- 
ment. Access to cells with the cardinal features of midbrain DA 
neurons will enable a broad range of biomedical applications such as 
basic developmental studies, high-throughput drug discovery and 
Parkinson’s disease-iPSC based disease modelling. Importantly, our 
study establishes a means of obtaining a scalable source of FOXA2+/ 
TH+ neurons for neural transplantation—a major step on the road 
towards considering a cell based therapy for Parkinson’s disease. 


METHODS SUMMARY 


Human ES cell (H9, H1) and iPSC lines (2C6 and SeV6) were subjected to a 
modified dual SMAD-inhibition-based’* FP induction’? protocol. Exposure to 
SHH C25II, purmorphamine, FGF8 and CHIR were optimized for midbrain FP 
and DA neuron yield (see Fig. 1d). Following FP induction, further maturation was 
carried out in Neurobasal/B27 medium supplemented with ascorbic acid, BDNF, 
GDNF, TGF63 and dibutyryl (db) cyclic AMP (see full methods for details). The 
resulting DA neurons were subjected to extensive phenotypic characterization via 
immunocytochemistry, quantitative PCR with reverse transcription (qRT-PCR), 
gene expression profiling, high-performance liquid chromatography (HPLC) ana- 
lysis for DA and in vitro electrophysiological recordings. In vivo studies were 
performed in 6-hydroxydopamine-lesioned, hemiparkinsonian rodents (adult 
NOD-SCID IL2Rgc mice and Sprague Dawley rats) as well as in two adult rhesus 
monkeys treated with carotid injections of MPTP. DA neurons were injected 
stereotactically in the striata of the animals (1.5 x 10° cells in mice, 2.5 X 10° cells 
in rats) anda total of 7.5 X 10° cells (distributed in six tracts; three on each side of 
brain) in monkeys. Behavioural assays were performed at monthly intervals after 
grafting, including amphetamine-mediated rotational analysis as well as a test for 
focal akinesia (‘stepping test’) and forelimb use (cylinder test). Rats and mice were 
killed at 18-20 weeks and the primates at 1 month after grafting. Characterization 
of the grafts was performed via stereological analyses of cell numbers and graft 
volumes and comprehensive immunohistochemistry. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Culture of undifferentiated ES cells. ES cell lines H9 (WA-09, XX, passages 35- 
45), H1 (WA-01, XY, passages 30-40) and iPS cell lines 2C6 (XY, passages 20-30, 
ref, 27) and SeV6 (XY, passages 20-30; derived from MRC-5 using non-integrating 
4 factor Sendai vector system’’) were maintained on mouse embryonic fibroblasts 
(MEF, Global Stem) in 20% knockout serum replacement (KSR, Invitrogen)- 
containing ES cell medium as described previously’. 

Neural induction. For FP-based midbrain DA neuron induction, a modified 
version of the dual-SMAD inhibition’? and FP induction’ protocol was used 
based on timed exposure to LDN193189 (100nM, Stemgent), SB431542 
(104M, Tocris), SHH C25II (100ng ml', R&D), Purmorphamine (2 uM, 
Stemgent), FGF8 (100ng ml ', R&D) and CHIR99021 (CHIR; 3 pM, 
Stemgent). Note: for the FP induction protocol we refer to ‘SHH’ treatment as 
exposure of cells to a combination of SHH C25II 100 ngml' + purmorphamine 
(2 uM). Cells were plated (35 x 10°-40 X 10° cells per cm’) and grown for 11 days 
on matrigel (BD) in knockout serum replacement medium (KSR) containing 
DMEM, 15% knockout serum replacement, 2 mM L-glutamine and 10 uM B-mer- 
captoethanol. KSR medium was gradually shifted to N2 medium starting on day 5 
of differentiation as described previously’. On day 11, media was changed to 
Neurobasal/B27/L-Glut containing medium (NB/B27; Invitrogen) supplemented 
with CHIR (until day 13) and with BDNF (brain-derived neurotrophic factor, 
20n ml 7; R&D), ascorbic acid (0.2 mM, Sigma), GDNF (glial cell line-derived 
neurotrophic factor, 20 ng ml~ '. R&D), TGF £3 (transforming growth factor type 
63, 1 ngml'; R&D), dibutyryl cAMP (0.5 mM; Sigma), and DAPT (10 uM; 
Tocris,) for 9 days. On day 20, cells were dissociated using Accutase (Innovative 
Cell Technology) and replated under high cell density conditions (300 X 10°- 
400 X 10° cells per cm?) on dishes pre-coated with polyornithine (PO; 15 1g 
ml ')/laminin (1 Lg ml ')/fibronectin (2 ig ml ') in differentiation medium 
(NB/B27 + BDNF, ascorbic acid, GDNF, dbcAMP, TGFB3 and DAPT) until 
the desired maturation stage for a given experiment. 

For rosette-based DA neuron induction we followed our previously described 
protocols” but used dual-SMAD inhibition to accelerate the initial neural induc- 
tion step. In brief, ES cells were induced towards neural fate by co-culture with 
irradiated MS5 cells in KSR supplemented with $B431542 and Noggin (250 ng 
ml !; R&D), from day 2-8 and SHH + FGF8 from day 6-11 of differentiation. 
After 11 days in KSR, neural rosettes were manually isolated and cultured (P1 
stage) in N2 medium supplemented with SHH, FGF8, BDNF and ascorbic acid as 
described previously’. After 5-7 days in P1 stage, rosettes were again harvested 
mechanically and triturated following incubation in Ca?/Mg’-free Hanks’ 
balanced salt solution (HBSS) for 1 h and replated on PO/laminin/fibronectin- 
coated plates. Patterning with SHH/FGF8 was continued for 7 days at P2 stage 
followed by final differentiation in the presence of BDNF, ascorbic acid, GDNF, 
TGFb3 and dbcAMP as described above until the desired maturation stage for a 
given experiment (typically 5-7 days for transplantation studies or 32 days for in 
vitro functional studies). 

Gene expression analyses. Total RNA was extracted during differentiation at days 
0, 1, 3, 5, 7, 9, 11, 13 and 25 from each condition of control LSB, LSB/SHH/FGEF8 
and LSB/SHH/FGF8/CHIR using an RNeasy kit (Qiagen). For microarray ana- 
lysis, total RNA was processed by the MSKCC Genomic core facility and hybri- 
dized on Illumina Human ref-12 bead arrays according to the specifications of the 
manufacturer. Comparisons were performed among each days and conditions 
using the LIMMA package from Bioconductor (http://www.bioconductor.org). 
Genes found to have an adjusted P-value <0.05 and a fold change greater than 
two were considered significant. Some of the descriptive microarray data analyses 
and presentation was performed using a commercially available software package 
(Partek Genomics Suite (version 6.10.0915)). For qRT-PCR analyses, total RNA at 
day 25 of each condition was reverse transcribed (Quantitech, Qiagen) and amp- 
lified material was detected using commercially available TaqMan gene expression 
assays (Applied Biosystems) with the data normalized to HPRT. Each data point 
represents nine technical replicates from three independent biological samples. 
Raw data of all the microarray studies are available at GEO http://www.ncbi.nlm. 
nih.gov/geo/ accession number GSE32658. 

Animal surgery. All rodent and monkey procedures were performed following 
NIH guidelines, and were approved by the local Institutional Animal Care and Use 
Committee (LACUC), the Institutional Biosafety Committee (IBC) as well as the 
Embryonic Stem Cell Research Committee (ESCRO). 

Mice: NOD-SCID IL2Rgc null mice (20-35 g; Jackson Laboratory) were 
anaesthetized with ketamine (90mgkg '; Akorn) and xylazine (4mgkg '). 
6-hydroxydopamine (10 ug 6-OHDA, Sigma-Aldrich) was injected stereotactically 
into the striatum at the following coordinates (in millimetres): AP, 0.5 (from 
bregma); ML, —2.0; DV, —3.0 (from dura). Mice with successful lesions (an 
average of >6 rotations per minute) were selected for transplantation. A total of 
1.5 X 10° cells were injected in a volume of 1.5 iil into the striatum at the following 


coordinates (in mm): AP, 0.5; ML, —1.8; DV, 3.2. The mice were killed 18 weeks 
after transplantation. 

Rats: adult female Sprague Dawley (Taconic) rats (180-230 g) were anaesthetized 
with Ketamine (90 mgkg ') and xylazine (4 mgkg_ ') during surgical procedures. 
Unilateral, medial forebrain bundle lesions of the nigro-striatal pathway were 
established by stereotaxic injection of 6-OHDA (3.6 mg ml in 0.2% ascorbic acid 
and 0.9% saline, Sigma) at two sites*'. Rats were selected for transplantation if 
amphetamine-induced rotation exceeded 6 rotations per min by 6-8 weeks post 
injection. 2.5 X 10° cells were transplanted into the striatum of each animal 
(Coordinates: AP 1.0mm, ML —2.5mm and V —4.7 mm; toothbar set at —2.5). 
Control rats received PBS instead. The surgical procedures were described previ- 
ously*!. Daily intraperitoneal injections of cyclosporine 15 mgkg” | (Bedford Labs) 
were started 24 h before cell grafting and continued until death, 20 weeks following 
cell grafting. 

Primates: two adult (17-18 year old; 10-12 kg; female) rhesus monkeys were 
rendered hemiparkinsonian via carotid MPTP administration followed by weekly 
intravenous MPTP administration to create a bilateral parkinsonian syndrome”. 
Both animals displayed parkinsonian symptoms consistent with a moderately- 
severe lesion. On the day of transplantation surgery, animals were tranquilized 
with ketamine (3.0 mgkg ', intramuscular) and dexdomitor (0.02-0.04 mgkg ' 
intramuscular), intubated to maintain a stable airway and anaesthetized with 
isoflurane. They were then placed into a stereotaxic frame for surgery. Both rhesus 
monkeys underwent a single surgery with three intracranial injections of human 
FP-derived DA cultures based on stereotaxic coordinates”. Bilateral injections of 
cells (10 pul/injection; 125,000 cells per pl) were performed at three sites (one 
posterior caudate, two pre-commissural putamen and overlying white matter) 
for a total volume of 30 ul per hemisphere. An infusion pump attached to a 
stereotaxic micromanipulator was used to deliver the cells at a rate of 1 pl min’! 
though a 50-11 Hamilton syringe with 28 G needle. After the injections were 
completed, the needle was left in place for an additional 2-5 min to allow the 
infusate to diffuse off the needle tip before slowly retracting the syringe. 
Immediately following surgery, the animals received analgesics (buprenex, 
0.01 mgkg ' intramuscular, BID for 72 h post surgery; meloxicam, 0.1 mgkg | 
subcutaneous, SID for 72 h post surgery) as well as an antibiotic (cephazolin, 
25mgkg ' intramuscular, BID) until 72h post-surgery. The animals received 
cyclosporine A (Neoral, Sandimmune) orally (30 mg kg’ tapered to 15 mgkg_') 
once daily beginning 48h before surgery until death, one month following 
transplantation. 

Behavioural assays. Amphetamine-induced rotations (mice and rats) and the 
stepping test (rat) were carried out before transplantation and 4, 8, 12 and 18 
weeks after transplantation. Rotation behaviour in mice was recorded 10 min after 
intraperitoneal injection of d-amphetamine (10 mg kg ', Sigma) and recorded for 
30 min. Rotation behaviour in rats was recorded 40 min after intraperitoneal 
injection of d-amphetamine (5mgkg ') and automatically assessed by the TSE 
VideoMot2 system (Germany). The data were presented as the average number of 
rotations per minute. The stepping test was modified from**”’. In brief, each rat 
was placed on a flat surface, its hind legs were lifted by gently holding up the tail to 
allow only the forepaws to touch the table. The experimenter pulled the rat back- 
wards 1 m at a steady pace. Adjusting step numbers from both contralateral and 
ipsilateral forepaws were counted. Data was presented as the percentage of 
contralateral/(contralateral + ipsilateral) adjusting steps. The cylinder test was 
performed by placing each animal in a glass cylinder and counting the number 
of ipsilateral versus contralateral paw touches (out of 20 touches) to the wall of the 
cylinder as described previously’. 

Tissue processing. Mice and rats received overdoses of pentobarbital intra- 
peritoneally (50mgkg ') to induce deep anaesthesia and were perfused in 4% 
paraformaldehyde (PFA). Brains were extracted, post-fixed in 4% PFA then 
soaked in 30% sucrose solutions for 2-5 days. They were sectioned on a cryostat 
after embedding in O.C.T. (Sakura-Finetek). 

Primates were killed under deep anaesthesia with ketamine (10 mg kg *, intra- 
muscular) and pentobarbital (25 mg kg ~ | intravenous) via cardiac perfusion with 
heparinized 0.9% saline followed by fresh cold 4% PFA fixative (pH 7.4). 
Immediately following primary fixation, brains were removed from the skull 
and post-fixed in 4% PFA, free-floating, for 24-36 h. They were then rinsed and 
re-suspended in 10% sucrose on a slow shaker at 4 °C, and allowed to ‘sink’. The 
process was then repeated in 20% sucrose followed by 30% sucrose. Whole brains 
were cut coronally into 40 um serial sections on a frozen sledge microtome and 
stored free-floating in cryopreservative medium at —20 °C. 
Immunohistochemistry. Cells were fixed in 4% PFA and blocked with 1% BSA 
with 0.3% Triton. Brain tissue sections were washed in cold PBS and processed 
similarly. Primary antibodies were diluted in 1-5% BSA or Normal Goat Serum 
and incubated according to manufacturer recommendations. A comprehensive 
list of antibodies and sources is provided as Supplementary Table 6. Appropriate 
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Alexa488, Alexa555 or Alexa647-conjugated secondary antibodies (Molecular 
Probes) were used with 4’ ,6-diamidino-2-phenylindole (DAPI) nuclear counterstain 
(Thermo Fisher). For some analyses biotinylated secondary antibodies were used 
followed by visualization via DAB chromogen. 

HPLC analysis. Reversed-phase HPLC with electrochemical detection for mea- 
suring levels of DA, HVA and DOPAC was performed as described previously””*. 
Culture samples were collected in perchloric acid at day 65 of differentiation. For 
some experiments DA was measured directly in the medium using the same 
detection system but following aluminium extraction of DA and its metabolites 
using a commercially available kit as described previously”®. 
Electrophysiological recordings. Cultures were transferred to a recording chamber 
on an upright microscope equipped with a X40 water-immersion objective 
(Eclipse E600FN; Nikon); cultures were perfused with saline containing in mM: 
125 NaCl, 2.5 KCI, 25 NaHCOs, 1.25 NaH2POu, 2 CaCl, 1 MgCl, and 25 glucose 
(34 °C; saturated with 95% 03/5% CO; pH 7.4; 298 mOsm 1~ 1) The saline flow rate 
was 2-3 ml min | running through an in-line heater (SH-27B with TC-324B 
controller; Warner Instruments). Neurons were visualized by video microscopy 
with a cooled-CCD digital camera (CoolSNAP ES’, Photometrics, Roper 
Scientific). Cells selected for electrophysiological recordings had neuron-like 
shapes with fine branching neurites. Somatic whole-cell patch-clamp recordings 
in current clamp configuration were performed with a MultiClamp 700B amplifier 
(Molecular Devices). Signals were filtered at 1-4 kHz and digitized at 5-20 kHz 
with a Digidata 1440A (Molecular Devices). Recording patch electrodes were 
fabricated from filamented borosilicate glass (Sutter Instruments) pulled on a 
Flaming-Brown puller (P-97, Sutter Instruments) and had resistances of 4-6 
MQ in the bath. Electrodes were filled with internal solution containing in mM: 
135 K-MeSO,, 5 KCI, 5 HEPES, 0.25 EGTA, 10 phosphocreatine-di(tris), 2 ATP- 
Mg and 0.5 GTP-Na (pH 7.3, osmolarity adjusted to 290-300 mOsm’). The 
amplifier bridge circuit was adjusted to compensate for electrode resistance and 
monitored. Electrode capacitance was also compensated. If series resistance 
increased >20% during the recording, the data were discarded. 

Cell counts and stereological analyses. The percentages of marker positive cells 
at the FP (day 11), midbrain DA neuron precursor (day 25) and mature DA 
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neuron stages (day 50 or later) were determined in samples derived from at least 
three independent experiments each. Images for quantification were selected in a 
uniform random manner and each image was scored first for the number of DAPI- 
positive nuclei, followed by counting the number of cells expressing the marker of 
interest. All data are presented as mean + s.e.m. Quantification of human cells 
(identified with anti-human nuclear antigen) and TH+ neurons within grafts was 
performed on every tenth section where a graft was identifiable. Cell counts and 
graft volume were determined using the optical fractionator probe and the 
Cavalieri estimator using the Stereo Investigator software (MBF bioscience, 
Vermont) as described previously*’. Data are presented as estimated total cell 
number and total graft volume +s.e.m. Statistical analysis was performed using 
the Student t-test (comparing two groups) or ANOVA with Dunnett test (com- 
paring multiple groups against control). 
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Mammalian metabolism is highly circadian and major hormonal 
circuits involving nuclear hormone receptors display interlinked 
diurnal cycling’. However, mechanisms that logically explain the 
coordination of nuclear hormone receptors and the clock are poorly 
understood. Here we show that two circadian co-regulators, crypto- 
chromes 1 and 2, interact with the glucocorticoid receptor in a ligand- 
dependent fashion and globally alter the transcriptional response to 
glucocorticoids in mouse embryonic fibroblasts: cryptochrome 
deficiency vastly decreases gene repression and approximately 
doubles the number of dexamethasone-induced genes, suggesting 
that cryptochromes broadly oppose glucocorticoid receptor activa- 
tion and promote repression. In mice, genetic loss of cryptochrome 1 
and/or 2 results in glucose intolerance and constitutively high levels 
of circulating corticosterone, suggesting reduced suppression of 
the hypothalamic-pituitary-adrenal axis coupled with increased 
glucocorticoid transactivation in the liver. Genomically, crypto- 
chromes 1 and 2 associate with a glucocorticoid response element 
in the phosphoenolpyruvate carboxykinase 1 promoter in a hormone- 
dependent manner, and dexamethasone-induced transcription of 
the phosphoenolpyruvate carboxykinase 1 gene was strikingly 
increased in cryptochrome-deficient livers. These results reveal a 
specific mechanism through which cryptochromes couple the activity 
of clock and receptor target genes to complex genomic circuits 
underpinning normal metabolic homeostasis. 

Glucocorticoids (cortisol in humans and corticosterone in rodents) 
are critical regulators of many aspects of mammalian physiology, 
including glucose homeostasis and immune function. These stress 
hormones exhibit a robust diurnal rhythm in the circulation. 
Synthetic glucocorticoids are widely used as anti-inflammatory drugs, 
but cause undesirable side effects including hyperglycaemia, insulin 
resistance and suppression of adrenal function. A paradox of nuclear 
receptor signalling is that potent agonists typically repress as many 
genes as they activate. The cloning of the glucocorticoid receptor’ 
revealed that the same gene product mediated both agonist-induced 
activation and repression through dichotomous mechanisms that 
remain poorly understood. Ligand stimulation results in translocation 
of glucocorticoid receptor from the cytoplasm to the nucleus where it 
binds to glucocorticoid response elements (GREs) and alters the tran- 
scription of hundreds to thousands of genes. Several cofactors have 
been identified that mediate transcriptional activation, including the 
steroid receptor coactivators (SRC1-3), the histone acetyltransferases 
CBP/p300 and the nuclear methylase coactivator-associated arginine 
methyltransferase 1 (CARM1)*. For glucocorticoid-receptor-dependent 
repression, combinations of direct and indirect mechanisms have been 
proposed. For example, glucocorticoid receptor may ‘tether’ or bind to 
pro-inflammatory transcription factors, such as nuclear factor of 
kappa light polypeptide gene enhancer in B cells (NF-«B), and ‘trans- 
repress’ gene expression by interfering with their activation mech- 
anism°. In addition, glucocorticoids can directly repress metabolic 


targets, particularly in the hypothalamic—pituitary—adrenal (HPA) axis, 
in a way that does not seem to require NF-«B or other inflammatory 
transcription factors. In this case, glucocorticoid receptor acts through 
direct binding to negative response elements that presumably promote 
recruitment of one or more hypothetical repressive cofactors. 

Circadian clocks drive rhythms in physiology and behaviour that 
enable organisms to keep track of the time of day and to adjust their 
physiology to adapt to recurrent, and therefore predictable, changes in 
the external environment. Mammalian circadian clocks are based on a 
transcription and translation feedback loop. In this, a heterodimer of 
the transcription factors circadian locomotor output cycles kaput 
(CLOCK) and brain and muscle ARNT-like 1 (BMAL1) drives tran- 
scription from E-box elements, including that of their own repressors, 
the period (Perl, Per2 and Per3) and cryptochrome (Cry1 and Cry2) 
genes’, For many years, mammalian clocks were thought to reside solely 
in the hypothalamic suprachiasmatic nucleus, in which the clock is set 
by light signals through the retinohypothalamic tract, and from which 
secreted signals drive rhythms in locomotor activity. Subsequently, 
circadian clocks have been identified throughout mammalian 
peripheral organs and their timing demonstrated to be determined by 
metabolic cues rather than in direct response to light®. Several molecular 
mechanisms have been described that contribute to metabolic resetting 
of clock time in peripheral organs’. 

The existence of clocks in peripheral organs and the demonstration 
that their timing is set by metabolic cues led to the question of whether 
they participate in physiological regulation that enables organisms to 
adapt to changing metabolic needs over the course of the day. Tissue- 
specific ablation of clock function demonstrated that clocks in the liver’® 
and pancreas''”” indeed contribute to glucose homeostasis at specific 
times of the day. Several studies have demonstrated that thousands of 
transcripts are subject to circadian regulation in myriad organs'*"*, and 
that most of this regulation is lost upon tissue-specific clock disrup- 
tion’*”’, suggesting that rhythmic transcription of rate-limiting enzymes 
and transporters contributes to circadian physiological regulation". 

The time of peak expression for these oscillating transcripts is dis- 
tributed across the day, suggesting that multiple mechanisms contribute 
to their diurnal regulation. In addition to cascades of rhythmically 
expressed transcription factors, including nuclear hormone receptors, 
which can be driven by clock-dependent rhythmic expression, circadian 
repression of subsets of target genes by the negative arm of the clock may 
contribute to oscillation of specific genetic programs. The direct regu- 
lation of cryptochromes by metabolic signals’ makes them ideal potential 
crossover regulators for circadian and metabolic gene expression pro- 
grams. Because nuclear receptors are prototypic regulators of metabolism, 
we examined the possibility that cryptochromes 1 (Cry1) and 2 (Cry2) 
might contribute to diurnal aspects of their regulatory output". 

We first explored whether Cryl can interact with two nuclear 
hormone receptors known to modulate clock function, the retinoid- 
related orphan receptors (ROR-«/B/y) and Rev-Erb-c/B. Unexpectedly, 
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we find robust association between Cry1 and ROR-« and y but not with 
ROR-f or Rev-Erb-«/B though we did reproduce the reported asso- 
ciation of PER2 with Rev-Erb-c'* (Fig. 1a, b). This is intriguing for two 
reasons: (1) ROR-o and ROR-y but not ROR-B can activate Bmall 
transcription’ and (2) Cry] preferentially associates with the activation 
(ROR) and not the repressive (Rev-Erb) arm of the pathway. Together, 
these results suggest that the so-called ‘secondary loop’ in which RORs 
and Rev-Erbs modulate BMALI transcription and are thought to make 
clocks more robust and accurate involves cryptochromes. 

We next initiated a broader survey of nuclear hormone receptor 
interactions and unexpectedly discovered a robust physical association 
of Cryl with the glucocorticoid and androgen receptors (Fig. 1a). 
Although Per2 can interact with some nuclear hormone receptors 
(such as Rev-Erb’®), it does not appear to bind glucocorticoid receptor 
(Fig. 1c). Further analysis reveals that Cry2 also interacts with gluco- 
corticoid receptor (Fig. 1d) and that the association is stimulated by 
glucocorticoids (Fig. le, f). Notably, Cryl represses the ability of glu- 
cocorticoid receptor to drive expression of a luciferase reporter from a 
GRE-containing promoter (Fig. 1g). Finally, we used a series of dele- 
tion mutants of glucocorticoid receptor to demonstrate that Cryl 
interacts with the carboxy (C) terminus of glucocorticoid receptor 
(Fig. 1h), which is required for either activation or repression of tran- 
scription in response to ligand. Steroid hormones (glucocorticoids, 
testosterone, progesterone and aldosterone) are critical regulators of 
metabolic and reproductive physiology, so the possibility that they 
could be directly regulated by cryptochromes suggests a new mech- 
anism by which circadian clocks modulate physiological rhythms. 

To determine whether cryptochromes modulate glucocorticoid- 
stimulated changes in transcription of endogenous genes in vivo, we 
analysed global changes in gene expression after glucocorticoid treat- 
ment of primary fibroblasts derived from wild-type and cryl’; 
cry2.‘~ double knockout (DKO) littermate mouse embryos 
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(Fig. 2a). Circadian rhythms of transcription can be synchronized by 
dexamethasone treatment of fibroblasts'*. These changes are expected 
to be lost in Cry-deficient cells, such that a subset of both positive and 
negative transcriptional responses to dexamethasone will be absent. 
However, if cryptochromes are independently capable of repressing 
transcription through glucocorticoid receptor, we would expect to see 
a global positive shift in the transcriptional response to dexamethasone 
(for example, an increase in gene activation and a decrease in repres- 
sion). Indeed, we found that the transcriptional response to the syn- 
thetic glucocorticoid dexamethasone was significantly more positive in 
cryptochrome-deficient cells: 205 more genes (191396) were acti- 
vated by dexamethasone in Cry-deficient cells than in controls, indi- 
cating that Cry limits induction of a larger network of glucocorticoid 
receptor responsive genes. Perhaps even more unexpectedly, of 657 
dexamethasone-repressed genes only 64 were suppressed in DKO 
cells (Fig. 2b). We confirmed the observed expression patterns for 
several individual genes in an independently derived pair of control 
and cryptochrome-deficient mouse embryonic fibroblasts (MEFs) 
(Fig. 2c). Because the interpretation of the results for individual tran- 
scripts is complicated by the potential role of circadian synchroniza- 
tion, we also examined the expression profile of the established 
glucocorticoid receptor transcriptional target serum/glucocorticoid 
regulated kinase 1 (sgk1) in response to dexamethasone stimulation. 
We found that sgkI messenger RNA (mRNA) is more robustly acti- 
vated in cryl’~ ;cry2-’~ cells than control cells within 2 h of exposure 
to glucocorticoids (Fig. 2d) and over a range of dosages (Fig. 2e). In 
general, the dynamic response to dexamethasone is complex and tran- 
script dependent but more positive in the absence of cryptochromes 
(Supplementary Fig. 2). Together, these results lead to the surprising 
suggestion that Cryl and Cry2, central regulators of the circadian 
clock, also directly oppose dexamethasone-induced glucocorticoid 
receptor activation. 
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Figure 1 | Cryptochromes interact with glucocorticoid receptor. 

a-e, h, Immunoblots showing recovery of the indicated proteins from 293T 
cells expressing the indicated plasmids after immunoprecipitation with the 
indicated antibodies. In e, cells were treated with vehicle (—) or 1 uM 
dexamethasone (+) for 16h. NR, nuclear hormone receptor; GR, 
glucocorticoid receptor; AR, androgen receptor; WCL, whole-cell lysate; IP; 


immunoprecipitated. f, Immunoblots showing recovery of endogenous 
glucocorticoid receptor and PER2 from MEFs stably expressing empty vector 
(—) or Flag—Cry1 (+) after Flag immunoprecipitation. g, Luciferase activity in 
CV-1 cells transfected as indicated. Data represent the mean + s.e.m. of 
triplicate samples. ***P < 0.001. Data represent typical results of two to six 
independent experiments. 
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Figure 2 | Cryptochromes modulate glucocorticoid-receptor-dependent 
transcription. a, Heat map: colour denotes dexamethasone (Dex)-induced 
change in expression of all transcripts significantly altered by genotype or 
glucocorticoid stimulation. Selected genes are indicated on the left. 

b, Transcripts altered by dexamethasone treatment in control (grey circles) or 
DKO (blue circles) MEFs. c, Expression of indicated transcripts in control or 
DKO MEFs after overnight treatment with vehicle (—) or dexamethasone (+). 
d, e, Expression of sgk1 in MEFs after treatment with dexamethasone for 1-4 h. 
In c-e, data represent the mean + s.e.m. of triplicate samples analysed in 
triplicate. *P < 0.01, **P < 0.001. 


Some of the best-studied physiological roles of glucocorticoids are 
suppression of the immune system and activation of gluconeogenesis. 
We examined whether cryptochromes are required for transrepression 
of inflammatory genes in primary bone marrow macrophages from 
wild-type and DKO mice. After lipopolysaccharide stimulation with or 
without previous dexamethasone treatment, the expression of 
tumour-necrosis factor alpha (TNF-a) and chemokine (C-C motif) 
ligand 4 (Ccl4) was indistinguishable in wild-type and DKO macro- 
phages (Supplementary Fig. 3). The basal and lipopolysaccharide- 
induced expression of monocyte chemoattractant protein 1, interleukin 
6 and inducible nitric oxide sythase was elevated in macrophages lack- 
ing Cryl and Cry2, but these transcripts were equally suppressed by 
dexamethasone treatment regardless of the presence or absence of 
cryptochromes (Supplementary Fig. 3). Thus, cryptochromes appear 
to regulate a distinct, albeit substantial, subset of glucocorticoid receptor 
regulated target genes, which does not include the NF-«B inflammatory 
gene network. 

Chronic treatment with gluocorticoids to suppress inflammation 
often results in hyperglycaemia due to glucocorticoid-receptor- 
induced expression of phosphoenolpyruvate carboxykinase 1 (Pck1), 
a rate-limiting gluconeogenic enzyme in the liver. If cryptochrome 
repression of glucocorticoid-receptor-mediated transcription were rel- 
evant in the liver, we would expect the ability of glucocorticoids to 
induce pck1 transcription to be lower when cryptochromes are present. 
Indeed, pck1 induction after a 1h exposure to dexamethasone was 
dependent on the time of day and the induction of pck1 is inversely 
correlated with the amount of cryptochrome protein in the nucleus 
(Fig. 3a). Excluding the possibility that the observed effect of day-time 
involves altered expression or chromatin accessibility of glucocorticoid 
receptor, in an independent experiment, we observed a greater 
increase in pckl expression in response to dexamethasone at ZT4 
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(zeitgeber time, which denotes hours after the lights are turned on) 
than at ZT16, even though the glucocorticoid-induced association of 
glucocorticoid receptor with the Pck1 promoter was relatively elevated 
at ZT 16 (Supplementary Fig. 4). Furthermore, using antibodies that we 
generated to detect endogenous Cry1 and Cry2 (Supplementary Fig. 5), 
we found that cryptochromes interact with glucocorticoid receptor in 
the liver after ligand stimulation in vivo at night (ZT18) when gluco- 
coticoids are less effective at inducing the expression of pck1 (Fig. 3b). 
(Cryl~'~ and Cry2~‘~ samples were used in this experiment to ensure 
antibody specificity without abolishing circadian rhythmicity.) 
Strikingly, dexamethasone stimulated pck1 transcription 12.8-fold at 
ZT16 in Cry-deficient livers, even though glucocorticoid-induced 
association of glucocorticoid receptor with the Pckl promoter was 
reduced in the DKO livers (Fig. 3c). Finally, chromatin immunopreci- 
pitation of Cryl and Cry2 revealed that cryptochromes are associated 
with the Pckl promoter GRE after treatment with dexamethasone in 
vivo in mouse livers, whereas dexamethasone had no effect on the 
Bmal1-mediated association of Cryl and Cry2 with the Dbp promoter 
(Fig. 3d). Together, these data demonstrate that cryptochromes 
directly repress glucocorticoid receptor induction of pck1 in the liver 
and thus may limit glucocorticoid-induced hyperglycaemia. 

To examine the role of cryptochromes in glucocorticoid-dependent 
physiology, we measured several glucocorticoid-receptor-dependent 
parameters in wild-type and Cry-deficient mice. (Importantly, Cry- 
deficient mice were maintained in 12:12 light:dark conditions and 
were found to have normal behavioural patterns, Supplementary 
Fig. 6.) In addition to suppressing inflammation and increasing glu- 
coneogenesis through pck1, a principal role of glucocorticoids is to 
promote negative feedback in all three organs of the (HPA) axis’’. 
However, in DKO mice, we find that glucocorticoids, which normally 
show robust cycling rhythm, fail to be suppressed during the day as 
they are in wild-type mice (Fig. 4a). Perhaps not surprisingly, glucose 
homeostasis is severely disrupted in Cry-deficient mice, consistent 
with the observed regulation of pck1 transcription: thus, DKO mice 
exhibit elevated blood glucose in response to acute feeding after an 
overnight fast (Fig. 4b) and severely impaired glucose clearance in a 
glucose tolerance test (Fig. 4c). Even mice lacking either Cryl 
(cryl~’~) or Cry2 (cry2 ‘~) were significantly impaired in their ability 
to restore normal blood glucose after glucose injection (Fig. 4c). In 
contrast, Cry-deficient animals were normally responsive to insulin 
(Fig. 4d). 

To examine directly the role of cryptochromes in repression of the 
HPA axis and in glucocorticoid-induced hyperglycaemia, we subjected 
wild-type and littermate DKO mice to 8 weeks of chronic glucocorti- 
coid treatment. After long-term exposure to dexamethasone, endogen- 
ous production of corticosterone was completely shut down in wild- 
type mice as expected, and was incompletely suppressed in Cry- 
deficient mice (Fig. 4e), suggesting that cryptochromes directly 
participate in glucocorticoid-receptor-mediated repression of gluco- 
corticoid synthesis through the HPA axis. Furthermore, circulating 
adrenocorticotropic hormone (ACTH) seems to be elevated in DKO 
mice (Supplementary Fig. 7), suggesting that cryptochromes may regu- 
late steroidogenesis upstream of pituitary secretion of ACTH. Chronic 
glucocorticoid treatment caused significant fasting hyperglycaemia both 
in wild-type and DKO mice, but it was more severe in mice lacking 
cryptochromes (Fig. 4f). In addition, Cry-deficient mice exposed to 
chronic glucocorticoid treatment exhibited greater glucose intolerance 
than Cry-deficient mice treated with saline for the same time period, 
whereas wild-type mice had the same ability to respond to a mild glucose 
challenge whether they were exposed to saline or dexamethasone over 
the 8 weeks of treatment (Fig. 4g). Together, these data suggest that 
cryptochrome repression of glucocorticoid-receptor-mediated tran- 
scription is an important mechanism by which circadian clocks modu- 
late metabolic physiology in vivo. 

It has become increasingly clear that circadian clocks play an 
important role in optimizing the temporal coordination of tissue 
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Figure 3 | Cryptochromes interact with glucocorticoid receptor on 
chromatin to regulate pck1. a, Top, pck1 in mouse livers. *P < 0.05, 

** P < 0.01, compared with saline; +P < 0.05, +P < 0.01, compared with ZT2. 
Bottom, Cryl immunoblots. b, Immunoblots of liver lysates or 
immunoprecipitations. c, Left, pck1 at ZT16. Right, recovery of Pckl GRE. 


physiology with metabolic demands that fluctuate over the course of 
the day*. Although oscillating transcriptional activation of the target 
genes of Clock and Bmall contributes to these physiological rhythms, 


*P < 0.05, **P < 0.01, compared with saline; +P < 0.05, ¢ +P < 0.01, compared 
with wild type (WT). d, Recovery of Pckl GRE or Dbp promoter E-box at ZT 16. 
Data represent the mean = s.e.m. of three samples (a, c) or duplicate samples 
(d) analysed in triplicate. 


some transcriptional targets, including pck1, undergo circadian oscil- 
lations independently of Clock and Bmall (ref. 10). Some of these 
transcripts are likely to be regulated by rhythms of fasting and feeding 
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Figure 4 | Genetic loss of cryptochromes alters physiology. a, Serum 
corticosterone. +P < 0.05 compared with ZT3-4; *P < 0.05, **P < 0.01, 
compared with wild type. b, Fasted and re-fed blood glucose. **P < 0.01 
compared with wild type. c, Glucose tolerance test. *P < 0.05, **P < 0.01, 
* P< 0,001 compared with wild type. d, Insulin tolerance test. 
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e, Corticosterone in sera collected at ZT10-11. f, Fasted blood glucose. 

**P < 0.01 compared with saline-treated animals; ++P < 0.01 compared with 
wild type. g, Glucose tolerance tests. **P < 0.01 compared with saline-treated 
animals. In a-d, f, g, data represent the mean = s.e.m. for six to eight animals 


per group. 
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and subsequent oscillations in insulin, glucagon and other hormones”; 
they may also be modulated by circadian repressors in the period and 
cryptochrome families. 

In this study, we describe an interaction between cryptochromes 
and the glucocorticoid receptor, through which Cryl and Cry2 repress 
glucocorticoid-receptor-dependent transcription, including the 
induction of pck1 in the liver (Supplementary Fig. 1). We demonstrate 
that Cryl and Cry2 interact with glucocorticoid receptor in mouse 
liver and are associated with a GRE in the Pckl promoter in a gluco- 
corticoid-dependent manner. The physiological relevance of these 
associations is apparent in the increased susceptibility of crypto- 
chrome-deficient mice to glucocorticoid-induced hyperglycaemia. 
Notably, cryl~‘~, cry2-/~ and cryl‘~;cry2-’~ mice were also strik- 
ingly intolerant of a high dose of glucose, even in the absence of 
supplemental glucocorticoid treatment. This reflects a combination 
of increased glucocorticoid production, increased glucocorticoid- 
induced pck1 transcription and other cryptochrome-dependent 
pathways, including both Clock/Bmall-dependent transcriptional 
programs and recently reported Cry-dependent effects on cyclic 
AMP (cAMP)-responsive element-binding protein (CREB)-mediated 
transcription”’. Past studies have indicated a role for PER2 upregula- 
tion in the hyperglycaemia induced by glucocorticoids through gluco- 
corticoid receptor binding a GRE in the Per2 promoter”; we have 
found a distinct regulatory axis, involving direct physical association 
between cryptochormes and glucocorticoid receptor, by which 
circadian clocks modulate the response to glucocorticoids. 

In addition, we found that Cry] and Cry2 participate in glucocorticoid- 
dependent suppression of the HPA axis and the production of endo- 
genous glucocorticoids. The observed effects on corticosterone pro- 
duction are reminiscent of a recent study in which cry1~’~ ;cry2-’~ 
mice were found to have constitutively elevated production of 
aldosterone owing to adrenal de-repression of type VI 3-8 hydroxyl- 
steroid dehydrogenase (hsd3b6)**. Combined with our observation of 
direct interactions between cryptochromes and multiple steroid 
hormone receptors (Fig. la and data not shown), these data suggest 
that cryptochromes may play a general role in feedback inhibition of 
steroid hormone biosynthesis. However, the anatomic location of 
action may differ as previous studies did not observe a role of 
cryptochromes in corticosteroid biosynthetic gene expression in 
adrenal cortex, although they do seem to modulate aldosterone- 
synthesizing pathways in the adrenal gland”. 

These results suggest a specific mechanism through which crypto- 
chromes couple the activity of clock and receptor target genes to com- 
plex genomic circuits underpinning normal metabolic homeostasis. 
Although we found that cryptochromes participate in glucocorticoid 
regulation of gluconeogenesis and steroidogenesis, they are not 
required for trans-repression of inflammatory gene transcription. 
Thus, the undesirable metabolic side effects of glucocorticoids used 
to suppress inflammation may be alleviated by altering the timing of 
treatment or by combining them with agents that can stabilize Cryl 
and/or Cry2 in the liver. As metabolic syndrome is a complex blend of 
chronic inflammation and poorly controlled glucose homeostasis, the 
ability of cryptochromes to integrate metabolism and circadian 
rhythms suggests that targeting the glucocorticoid receptor/Cry inter- 
face could be a new therapeutic strategy. 


METHODS SUMMARY 


The Methods section provides detailed information about all experimental pro- 
cedures including (1) the generation, culture and transfection of cell lines, (2) 
generation or sources of plasmids and antibodies, (3) luciferase assays, (4) pre- 
paration of samples for western blotting, immunoprecipitation and chromatin 
immunoprecipitation, (5) performance and analysis of microarray experiments, 
(6) quantitative PCR, (7) analysis of behaviour and metabolism in mice, (8) mea- 
surement of ACTH and corticosterone by immunoassay and (9) acute and chronic 
treatment of mice with synthetic glucocorticoids. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Cells and cell culture. HEK 293T cells were purchased from the American Type 
Culture Collection and grown in complete Dulbecco’s Modified Eagle Medium 
(DMEM) (Invitrogen) supplemented with 10% dialysed fetal bovine serum, peni- 
cillin and streptomycin in an incubator at 37 °C and maintained at 5% CO2. MEFs 
stably expressing Flag—Cry1 were as previously described®. Primary wild-type and 
cryl ‘~;cry2-/ MEFs were generated from embryonic day 15.5 embryos derived 
from mating cry1 */sery2‘’~ male mice with cryl*’;cry2'’” female mice. A 
pregnant female was euthanized by CO) inhalation, her uteri were dissected and 
rinsed in PBS, and each embryo was extracted from the surrounding tissue. After 
removal of the heads and fetal livers, the remaining embryonic tissue was minced 
with razor blades, digested with trypsin and re-suspended in DMEM containing 
15% FBS to generate a homogeneous cell slurry, which was plated in 6 cm dishes. 
MEFs were expanded slowly and were used for experiments after 8-10 passages. 
Genomic DNA isolated from the fetal livers was used to genotype the resulting cell 
lines. Primary macrophages were isolated and cultured as described™*. 

Plasmids and_ transfection. pcDNA3-2XFlag-mCRY1, pcDNA3-2%Flag- 
mCRY2, pcDNA3-Myc-Cryl and pcDNA3-mPER2 were gifts from C. Weitz; 
pcDNA3-Flag-Rev-Erb-a was a gift from H. Cho; pcDNA3.1-RORa-v5, 
pcDNA3.1-RORb-v5, pcDNA3.1-RORg-v5, pcDNA3-GR-v5, pcDNA3-AR-V5, 
pcDNA3-ERR1-v5, pcDNA3-ERR2-v5 and pcDNA3-ERR3-v5 were gifts from 
J. Jonker; hGRa, hGRaA262-404, hGRaA490-515 and hGRaA532-697 were as 
previously described*. Transfections were performed using FuGene HD (Roche). 
Luciferase assays. CV-1 cells were transfected with the indicated plasmids and 
treated with either vehicle (ethanol) or 1 uM dexamethasone 24h after transfec- 
tion. After overnight treatment, cells were lysed in passive lysis buffer (Promega) 
and analysed using Dual-Glo Luciferase Reporter System (Promega). Firefly luci- 
ferase signal was normalized to B-galactosidase. All luciferase assay data represent 
the mean = s.e.m. of triplicate samples. 

Preparation of protein extracts, immunoprecipitation, and immunoblotting. 
Cell and liver extracts were prepared in lysis buffer containing 1% Triton X-100 
(cell extracts) or 1% NP-40 (liver extracts) as previously described”. Immuno- 
precipitation antibodies were M2-agarose (Sigma A2220), PER21A (Alpha 
Diagnostic International), anti-GR M-20 (Santa Cruz Biotechnology sc-1004) 
and polyclonal antibodies raised in guinea pigs against the C termini of Cry1l 
(amino acids 583-606) or Cry2 (amino acids 563-592) crosslinked to KLH and 
affinity purified against the immunogenic peptides crosslinked to a column 
(AminoLink Immobilization Kit, Thermo Scientific 44890). Antibodies used for 
western blotting were anti-v5, anti-myc and anti-Flag polyclonal antibodies 
(Sigma), PER21A, GR135 antiserum’ and anti-Cryl-CT and anti-Cry2-CT as 
described above. 

Microarrays. Total RNA was extracted using Trizol reagent (Invitrogen); purity of 
the RNA was assessed by Agilent 2100 Bioanalyser. Five hundred nanograms of 
RNA were reverse transcribed into antisense RNA and biotin-UTP labelled using 
an Illumina TotalPrep RNA Amplification Kit (Ambion). Antisense RNA was 
quantified using an Agilent Bioanalyser 2100 and hybridized to the Illumina 
mouseRefseq-8v2 Expression BeadChip using standard protocols (Illumina). 
Image data were converted into unnormalized Sample Probe Profiles using the 
Illumina BeadStudio software and analysed on the VAMPIRE microarray analysis 
framework. Stable variance models were constructed for each of the experimental 
conditions (n = 2). Differentially expressed probes were identified using the 
unpaired VAMPIRE significance test with a two-sided, Bonferroni-corrected 
threshold of «Bonf = 0.05. The VAMPIRE statistical test is a Bayesian statistical 
method that computes a model-based estimate of noise at each level of gene 
expression. This estimate was then used to assess the significance of apparent 
differences in gene expression between two experimental conditions. Lists of altered 
genes generated by VAMPIRE were mapped to pathways using the VAMPIRE tool 
GOby to determine whether any KEGG categories were overrepresented using a 
Bonferroni error threshold of «Bonf = 0.05. A heat map was constructed with cubic 
spline-normalized values using the CIMminer program at http://discover.nci.nih. 
gov/, a development of the Genomics and Bioinformatics Group, Laboratory of 
Molecular Pharmacology, Center for Cancer Research, National Cancer Institute. 
Gene expression. RNA was extracted from livers or cultured cells with Trizol or by 
using the Qiagen RNeasy purification system. cDNA was prepared using the 
SuperscriptII reverse transcriptase (Invitrogen) and analysed for gene expression 
using quantitative real-time PCR with SYBR green (Invitrogen SybrGreenER or 
Biorad iQ SybrGreen supermix) chemistry. Primer sequences are available upon 
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request. All quantitative PCR data represent the mean + s.e.m. for three samples of 
each condition, analysed in triplicate. 

Chromatin immunoprecipitation. Freshly dissected mouse livers were rinsed in 
ice-cold PBS, homogenized in 167 ng ml’ DSG in PBS usinga Dounce homogenizer, 
and incubated at room temperature for 30 min. The homogenates were centrifuged 
at 3000g for 5 min and the pellets were re-suspended in 1% formaldehyde in PBS 
and incubated at room temperature for 10 min. Crosslinking was stopped by 
addition of glycine to a final concentration of 100 mM and samples were placed 
on ice. After cross-linking, nuclei were purified using a sucrose gradient by the 
method of Lavery and Schibler’®. Purified nuclei were washed three times in ice- 
cold PBS and re-suspended in buffer containing 150mM NaCl, 5mM EDTA, 
50 mM Tris pH 7.5, 0.5% NP-40 and 1% Triton X-100; chromatin immunopreci- 
pitation was continued as described by Nelson et al.”” using a modified shearing 
buffer (1% SDS, 10mM EDTA, 50mM Tris) and 3 pg of immunoprecipitating 
antibody per reaction. Primers used for the detection of the Dbp promoter E-box 
region were as described”*. All chromatin immunoprecipitation data represent the 
mean = s.e.m. for duplicate samples each analysed in triplicate. 

Mice. Cryl ‘;Cry2 ‘~ mice were from A. Sancar”. Indirect calorimetry studies 
were conducted in a Comprehensive Lab Animal Monitoring System (eight- 
chamber system, Columbus Instruments). All animal care and treatments were 
in accordance with the Salk Institute guidelines for the care and use of animals. 
Corticosterone and ACTH measurements. Corticosterone and ACTH were 
measured in mouse serum collected by tail bleed using the Corticosterone 
Double Antibody 1251 RIA Kit (MP Biomedicals 7120103) or ACTH 125] RIA 
Kit (Diasorin catalogue 24130). 

Fasted and re-fed blood glucose measurements. Mice were placed in clean cages 
(without food) and fasted from ZT11 to ZT2. For re-feeding, food was returned to 
the cages for 2h from ZT2 to ZT4. Glucose was measured in blood collected from 
the tail vein using a OneTouch Basic glucometer. 

Glucose tolerance test. Mice were placed in clean cages (without food) at ZT10-11 
1 day before the experiment and were injected with glucose (1 or 2mgg_' body- 
weight; 20% glucose in 0.9% NaCl). Blood glucose levels were measured before the 
injection of glucose and at 15, 30, 60, 120 and 180 min after injection. 

Insulin tolerance test. Mice were placed in clean cages (without food) at ZT4 and 
were injected intraperitoneally 2h later with 0.5-1.0 units per kilogram body- 
weight of Novolin-R in 0.9% NaCl. Blood glucose was measured using a One 
Touch Basic glucometer (Lifescan) before injection of insulin and at 15, 30, 45, 
60 and 90 min after insulin injection. 

Acute dexamethasone treatment. For experiments measuring the in vivo tran- 
scriptional response to dexamethasone (Fig. 3), mice were treated with 1 mg 
dexamethasone per kilogram bodyweight by intraperitoneal injection 1h before 
dissection. All data represent the mean + s.e.m. for three animals treated with 
saline (—) or dexamethasone (+), with each sample analysed in triplicate. 
Chronic dexamethasone treatment. Mice were treated with 1 mg dexamethasone 
per gram bodyweight by intraperitoneal injection of an equimolar amount of 
dexamethasone 21-phosphate sodium salt (Sigma D1159) dissolved in sterile 
saline every other day at ZT 11-12 for 8 weeks. Mice in the control group were 
injected with sterile saline at the same time. 

Statistics. Luciferase assay data were analysed using a two-tailed t-test. 
Quantitative PCR data were analysed by analysis of variance (Fig. 3a) or a two- 
tailed t-test. Glucose and insulin tolerance test data were analysed using repeated- 
measures analysis of variance for effects of genotype X time or treatment X time. 
Corticosterone and glucose measurements were analysed by a two-tailed t-test. 
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GlcNAcylation of histone H2B facilitates its 


monoubiquitination 
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& Shigeaki Kato>® 


Chromatin reorganization is governed by multiple post-translational 
modifications of chromosomal proteins and DNA’”. These histone 
modifications are reversible, dynamic events that can regulate DNA- 
driven cellular processes**. However, the molecular mechanisms 
that coordinate histone modification patterns remain largely 
unknown. In metazoans, reversible protein modification by 
O-linked N-acetylglucosamine (GlcNAc) is catalysed by two enzymes, 
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)**. However, 
the significance of GlcNAcylation in chromatin reorganization 
remains elusive. Here we report that histone H2B is GlcNAcylated 
at residue $112 by OGT in vitro and in living cells. Histone 
GlcNAcylation fluctuated in response to extracellular glucose 
through the hexosamine biosynthesis pathway (HBP)**. H2B S112 
GlcNAcylation promotes K120 monoubiquitination, in which the 
GlcNAc moiety can serve as an anchor for a histone H2B ubiquitin 
ligase. H2B $112 GlcNAc was localized to euchromatic areas on fly 
polytene chromosomes. In a genome-wide analysis, H2B S112 
GlcNAcylation sites were observed widely distributed over chromo- 
somes including transcribed gene loci, with some sites co-localizing 
with H2B K120 monoubiquitination. These findings suggest that 
H2B S112 GlcNAcylation is a histone modification that facilitates 
H2BK120 monoubiquitination, presumably for transcriptional 
activation. 

Some nuclear proteins have been shown to be GlcNAcylated by 
OGT, for example the enzymatic activity of histone H3K4 methyl- 
transferase 5 (MLL5) is modulated by GlcNAcylation’”. To identify 
chromatin substrates for OGT further, we screened for unknown 
GlcNAcylated glycoproteins in HeLa cell chromatin. GlcNAcylated 
proteins were purified by WGA lectin column chromatography and 
anti-GlcNAc antibody (clone RL2). Liquid chromatography—mass 
spectrometry (LC-MS)/MS analysis of the fraction revealed 284 factors, 
including previously reported GlcNAcylated glycoproteins®!° (Sup- 
plementary Table 1). Among the candidates, the enrichment of nucleo- 
somes was confirmed by silver staining and western blotting (Sup- 
plementary Fig. 2), suggesting one or more histone(s) might have been 
GlcNAcylated. As OGT is the only known nuclear enzyme for protein 
GlcNAcylation®, we asked whether histones served as substrates for 
OGT in vitro (Supplementary Fig. 3). H2A and H2B, as well as H2A 
variants (H2A.X and H2A.Z), but not H3 and H4, appeared to be 
GlcNAcylated (Fig. 1a). With histone octamers, H2B, but not H2A, 
appeared to serve as a substrate (Fig. 1b). Likewise, H2B in 
Drosophila histone was also GlcNAcylated (Supplementary Fig. 4), 
implying that H2B GlcNAcylation is conserved in metazoans. 

A quadrupole (Q)-time of flight (TOF) MS assessment of the in vitro 
GlcNAcylated H2B showed that OGT could transfer three GlcNAc 
moieties to H2B (Supplementary Fig. 5). Electro-transfer-dissociation 
(ETD)-MS/MS mapped the sites to $91, $112 and $123 (Fig. 1c and 
Supplementary Fig. 6). Unlike a recent report'', we were unable to 


detect the reported sites in H2B S36 and H4 S47. However, H2A 
T101 was detected as a GlcNAc site when H2A protein alone was used 
(data not shown). This discrepancy in identified GlcNAc sites might be 
due to differences in experimental approaches. 
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Figure 1 | H2B is GlcNAcylated at the C-terminal $112. a, b, In vitro OGT 
assay with recombinant histones (a) or the octamers reconstituted in vitro 
(b). Histones were GlcNAcylated by uridine diphosphate (UDP)- PH]GIcNAc 
and OGT, and the radiolabelled histones were subjected to autoradiography 
(top) and CBB staining (bottom). c, ETD-MS/MS scanned the GlcNAcylated 
peptides (2349.43 m/z) in Supplementary Fig. 5b. d, A series of H2B mutants at 
the indicated S/T was assessed by in vitro OGT assays. e, Sequence alignment of 
aC. f, The locations of the GlcNAc sites and the ubiquitination site of H2B ina 
nucleosome. The «C helix is illustrated as a white ribbon. 
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Next, in vitro OGT assays using peptide arrays covering full-length 
H2B revealed peaks at 101-115 peptides in the carboxy (C)-terminal 
a-helix (%C)'? (Supplementary Fig. 7). This peptide was found to bear 
only one moiety by matrix-assisted laser desorption/ionization-time 
of flight (MALDI-TOF)/MS (Supplementary Fig. 8). Indeed, sub- 
stitutions of $112 and T122 to A significantly reduced in vitro 
GlcNAcylation by OGT (Fig. 1d), but not mutations in the amino 
(N)-terminal tail (Supplementary Fig. 9). On the basis of these data, 
we concluded that the conserved $112 was a GlcNAc site in H2B, 
whereas T122 might be needed for recognition by OGT (Fig. le, f). 

With our newly developed antibody (Supplementary Fig. 10), H2B 
$112 GlcNAc was detected in histones of HeLa cells. Depletion of 
glucose from the media for 24h induced deglycosylation with neither 
overt cell death (Fig. 2a and Supplementary Fig. 11) nor alteration in 
histone acetylation marks of cell state indicators (H3 K14, H3 K56, H4 
K16)'*"* (Supplementary Fig. 12). H2B $112 GlcNAc could be restored 
by re-treatment with glucose at physiological concentrations (Sup- 
plementary Fig. 13). 

Because many histone modifications are orchestrated, we tested if 
H2B S112 GlcNAc influenced H2B K120 monoubiquitination because 
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Figure 2 | H2B $112 GIcNAc is a glucose-responsive modification linked to 
K120 monoubiquitination (ub). a, Chromatin was prepared from HeLa cells 
cultured in media with or without 1 g1~' glucose (Glc) for 24h, and subjected to 
western blotting. Arrowheads show the indicated proteins. Asterisks indicate 
non-specific band. b, c, After 24h Glc depletion, chromatin samples were 
prepared from Hela cells treated with 4.5 g1”* Glc for the indicated time. The 
intensities of the western blotting bands (b) were quantified (c). d, e, The effects of 
OGT knockdown (d) or H2B mutations (e) on H2B modifications after Glc 
replenishment. f, Western blotting analysis of the H2B modifications in HeLa cells 
that were cultured in DMEM without Glc (Cont.), or supplemented with 1 mM 
pyruvate (Pyr.), 10mM GIcNAc or 4.5g1 * Gle with or without HBP inhibitors, 
6-diazo-5-oxo-L-norleucine (100 1M, DON) or azaserine (100 uM, AZA). 


558 | NATURE | VOL 480 | 22/29 DECEMBER 2011 


of their proximity. After glucose depletion, replenishment of glucose 
gradually increased global GlcNAcylation of proteins, followed by H2B 
$112 GlcNAc and H2B monoubiquitination (Fig. 2b, c). Their reciprocal 
modifications disappeared when OGT was knocked down (Fig. 2d and 
Supplementary Fig. 14). In addition, in the immunoprecipitates of H2B 
containing the $112A and T122A double mutations (H2B AA), no res- 
ponse of K120 monoubiquitination to extracellular glucose was detected 
(Fig. 2e and Supplementary Fig. 15). Conversely, GlcNAcylation of H2B 
S112 was observed, even when K120 was mutated to R (Fig. 2e). From 
these findings, we conclude that H2B K120 monoubiquitination is 
mediated, at least in part, through $112 GlcNAcylation. 

As glucosamine, but not pyruvate, potentiated H2B $112 GlcNAc 
(Fig. 2f), it appeared that this GlcNAcylation step was dependent on 
the HBP. To clarify this point, two HBP inhibitors (DON and AZA) 
were tested (Supplementary Information). After glucose depletion 
from media, these inhibitors attenuated the effect of glucose in H2B 
$112 GlcNAcylation along with K120 monoubiquitination (Fig. 2f). 

In yeast, it was previously shown that H2B K120 monoubiquitina- 
tion was induced by carbohydrates by glycolysis'’. To address this 
issue, inhibitors of both glycolysis and deGlcNAcylation were applied 
to assess the crosstalk between the two modifications. When the cells 
were treated with iodoacetate, which blocks glycolysis but not HBP", 
the glucose effects on histone modifications were impaired, whereas 
the additional treatment of an OGA inhibitor (PUGNAc) restored 
both H2B S112 and K120 monoubiquitination (Supplementary 
Fig. 16). These data support the notion that H2B $112 GlcNAc senses 
decreases in glucose levels below normal levels and acts to promote 
H2B monoubiquitination, a modification that is associated with active 
transcription. Together with the fact that OGT is absent in yeast’, the 
present H2B $112 GlcNAc-dependent pathway appears to constitute a 
system capable of sensing nutritional states in metazoans. 
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Figure 3 | GlcNAcylation at $112 facilitates ubiquitination at K120 in H2B. 
a, Western blotting analysis of the interaction of H2B mutants with BRE1A. 
b, c, In vitro monoubiquitination assay with GlcNAcylated H2B (b), or in the 
presence of competitor peptides (c). H2B was GlcNAcylated in vitro (b, top 
right), and the reactants were subsequently ubiquitinated by H2B 
monoubiquitination ligase. The reaction was performed with the indicated 
competitor peptides (0.25 pg ml) (c). H2B K120 monoubiquitination was 
detected by western blotting (b, bottom; c, right) and quantified (b, top; c, left). 
Error bars, means and s.d. (n = 3). 
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The terminal GlcNAc of polysaccharides reportedly serves as a 
recognition moiety for E3 monoubiquitination ligase’®. Therefore, we 
proposed that H2B $112 GlcNAc affected K120 monoubiquitination by 
the BRE1A/1B complex”. Flag-tagged H2B, but not AA or S$112A, was 
co-immunoprecipitated with BRE1A (Fig. 3a). This association was 
observed in the presence of physiological levels of glucose in the media, 
and BRE1A was bound to H2B $112 GlcNAc (Supplementary Fig. 17). 
We then assessed how the GlcNAcylation of H2B influenced its in vitro 
ubiquitination by El, RAD6A (E2) and the BRE1A/1B complex (E3). 
Although H2B K120 could be substantially ubiquitinated only by the 
ligases (Supplementary Fig. 18), GlcNAcylation of H2B promoted sub- 
sequent H2B ubiquitination, but not its $112A mutant (Fig. 3b). 
Likewise, ubiquitination was significantly attenuated by the presence 
of an H2B-S112-GlcNAcylated peptide, but not by either the un- 
modified control peptide or by GlcNAcylated serine (Fig. 3c). On the 
basis of these results, we conclude that the GlcNAc moiety at H2B $112 
may anchor H2B monoubiquitination ligase. 

To illustrate the role of H2B $112 GlcNAc in chromatin regulation, 
its location was visualized on fly polytene chromosomes. H2B S112 
GlcNAc was detected widely in euchromatin, and, as anticipated, its 
signal disappeared in an OGT-disrupted fly, sxc'/sxc”* (Supplementary 
Fig. 19). H2B $112 GlcNAc overlapped with H3K4 me2 more than 
with H3K9 me2 or H3K27 me3 (Fig. 4a). Similarly, in immunostained 
HeLa cells, H2B $112 GlcNAc sites appeared exclusively in 4’,6- 
diamidino-2-phenylindole (DAPI)-poor areas (Supplementary Fig. 20). 
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Thus, H2B $112 GlcNAc probably accumulates in active chromatin 
rather than inactive chromatin. 

To determine the precise loci of H2B $112 GlcNAc in HeLa cells, we 
performed chromatin immunoprecipitation (ChIP) and _high- 
throughput sequencing (ChIP-seq). We confirmed ChIP quality by 
enrichments of H2B GlcNAc as well as H3K4 me2 and H2B K120 
monoubiquitination, but neither H3K9 me2 nor H3K27 me3 
(Supplementary Fig. 21). A total of 47,375 peaks were found widely 
distributed over the genome (Supplementary Fig. 22). However, H2B 
$112 GlcNAc peaked near transcription start sites (TSS), whereas the 
distribution decreased at transcription termination sites (TTS) 
(Fig. 4b), suggesting that it correlated with transcriptional regulation. 
To test this assumption, the activities of genes harbouring H2B $112 
GlcNAc near TSS were estimated by microarray analysis (Supplemen- 
tary Table 2). The average profiles near TSS significantly correlated 
with gene activity (Fig. 4c). Moreover, the expression levels of the 1,299 
genes were reliably measured, and 1,021 genes showed high expression 
(Supplementary Fig. 23a and Supplementary Table 3b). Moreover, 
gene ontology analysis revealed that there was an association of the 
genes harbouring H2B S112 GIcNAc to cellular metabolic processes 
(Supplementary Fig. 23b and Supplementary Table 3c). 

Next, we analysed the genome-wide overlap of H2B $112 GlcNAc 
with K120 monoubiquitination. A total of 44,158 peaks of H2B K120 
monoubiquitination were detected, and their average profiles near TSS 
were similar to those profiles of H2B $112 GlcNAc (Supplementary 
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Figure 4 | GlcNAcylated H2B is associated with transcribed genes. 

a, Polytene staining with a-H2B $112 GlcNAc (green) and DAPI (blue) along 
with o-H3K4me2 (red, top), «%-H3K9me2 (red, middle) or «-H3K27me3 (red, 
bottom). b-e, ChIP-seq analysis of the H2B $112 GlcNAc and K120 
monoubiquitination. The distributions of H2B $112 GlcNAc were averaged near 
TSS (top) and TTS (bottom) (b). The average profiles of H2B $112 GlcNAc near 
TSS were calculated based on the associated gene activities (c). Venn diagrams 
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showing overlap of the peaks (d, left), and the genes (d, middle) and the 
promoter (d, right) harbouring the modifications. The ChIP-seq profile 
surrounding the GSK3B gene (e). Arrowhead, position of qPCR primer. f, ChIP- 
qPCR validation in the GSK3B promoter. After Glc depletion, the control HeLa 
cells (black bar) and the OGT-knockdown cells (white bar) were replenished 
with Glc for 24h. Then, the cells were subjected to ChIP with the indicated 
antibody and qPCR analysis. Error bars, means and s.d. (n = 3). 
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Fig. 24). Among the H2B K120 monoubiquitination peaks, nearly 10% 
(3,974 peaks) overlapped with H2B $112 GlcNAc peaks (Fig. 4d, left), 
and this evaluation was confirmed by a sequential ChIP-reChIP assay 
(Supplementary Fig. 25). Although 5,778 genes (66.8% of H2B S112 
GlcNAc and 84.4% of K120 monoubiquitination) were found at the 
same loci (Fig. 4d, middle, and Supplementary Table 3d), 259 genes 
were identified when the two peaks were compared only within the 
promoters (Fig. 4d, right). The results of the ChIP-seq analysis were 
validated by ChIP-quantitative PCR (qPCR) assessment for the gly- 
cogen synthase kinase 3B (GSK3B) gene (Fig. 4e, f). These findings 
suggest that at several H2B S112 GlcNAc sites, it aids H2B monoubi- 
quitination ligase recruitment whereas at others additional or different 
factors may be operational. 

Here we provide evidence that histone GlcNAcylation is a post- 
translational modification correlated with active transcriptional 
events, and is responsive to serum glucose levels and/or cellular energy 
states in certain cell types (Supplementary Fig. 1). Using an antibody 
that specifically recognizes the $112 GlcNAc moiety of endogenous 
H2B, H2B was shown to serve as an OGT substrate. We have focused 
on the role of H2B $112 GlcNAcylation in gene regulation (Sup- 
plementary Fig. 1). Genome-wide analysis revealed that H2B $112 
GlcNAc was frequently located near transcribed genes, suggesting that 
histone GlcNAcylation facilitates transcription of the genes. This idea 
is supported by previous reports that transcriptional output driven by 
several transcription factors is co-activated by OGT*"*”°. However, 
recent papers reported that Drosophila OGT is itself a polycomb group 
protein*”', and that many O-GlcNAcylated factors are involved in 
transcriptional repression and gene silencing”®. In this respect, it will 
be interesting to identify other histone glycosylation sites and invest- 
igate their roles in transcriptional repression as well as activation. 


METHODS SUMMARY 

Plasmids and cell culture. All plasmids were generated with standard protocols 
(see Methods). Retrovirus production, infection and sorting of the infected cells 
followed previously reported protocols’. 

Purification of GlcNAc proteins from chromatin. Chromatin pellets were pre- 
pared from HeLa cells as previously described”. GlcNAc proteins were enriched with 
a-O-GIcNAc (RL2) antibody (Abcam) immobilized on Dynabeads (Invitrogen), and 
released with GlcNAc-O-serine. 

Generation of monoclonal antibody. The synthetic H2B $112 GlcNAc peptide 
(CKHAV S(GlcNAc) EGTK) was used to immunize mice. The hybridomas were 
selected by enzyme-linked immunosorbent assay (ELISA) and western blotting 
analysis. 

In vitro OGT and monoubiquitination assays. Flag~OGT, Flag—E1, and Flag- 
BRE1A/BREIB were purified by baculoviral systems, whereas histones and 
6 X His-RAD6A were prepared from bacteria as previously reported’””*. H2B 
was incubated with OGT or H2B monoubiquitination ligases in vitro, and its 
modification was detected by western blotting as previously reported””’. 
ChIP-seq and ChIP-qPCR. ChIP and ChIP-seq library construction was per- 
formed as previously described**”*, and the libraries were sequenced to 50 base 
pairs (bp) with Hiseq2000 (Illumina). The fragments of interest in the libraries 
were quantified with specific promoter sets (Methods) by qPCR. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Plasmids and retroviruses. Complementary DNAs (cDNAs) of N-terminally 
Flag-tagged H2B and its mutant were subcloned into pcDNA3 (Invitrogen). A 
series of H2B point mutants were subcloned into the pET3 vector (Novagen). 
shRNA sequences targeting hOGT (5’-GCACATAGCAATCTGGCTTCC-3’) 
and Renilla luciferase (5'-TGCGTTGCTAGTACCAAC-3’, as a control) were 
inserted into the pS[REN-RetroQ-ZsGreen vector (Clontech). For retroviral pro- 
duction, the constructed shRNA vectors were transfected into PLAT-A cells. The 
virus contained in the medium was used for infection. 

Generation of stable cell lines. To generate OGT-KD cells by retroviral infection, 
10° cells were plated in 60mm culture dishes, treated with 3 ml of retroviral 
cocktail (1 ml of the prepared retroviral solution plus 2 ml of DMEM with 10% 
FBS and 8g ml * polybrene), then cultured for another 48h. A FACSVantage 
(BD) sorter was used to isolate the retrovirally transduced, enhanced green fluor- 
escent protein (eGFP)-positive cells, as previously described’. To generate the cells 
stably expressing Flag-tagged constructs, HeLa cells were transfected with the 
pcDNA vectors encoding the Flag-tagged H2B or the AA mutant. The cells con- 
taining the integrated vectors were selected by exposure to 0.5 mg ml * G418. 
Generation of monoclonal antibody. H2B $112 GlcNAc peptide (CKHAV 
S(GlcNAc) EGTK) was synthesized (MBL Institute) and used as an antigen 
(Operon Biotechnologies). The hybridomas were briefly screened using ELISA 
with the GlcNAc peptide, and finally selected by immunoblot analysis with the in 
vitro GlcNAcylated H2B. 

Antibodies. Antibodies were obtained as follows: «-Flag M2 agarose (Sigma), 
a-H2A, o-H2B, o-H3, o«-H4 (Abcam), o#-H2B K120 monoubiquitination 
(Upstate), a-GlcNAc (RL2 or CTD110.6) (Abcam), %-OGT (Sigma), o-Flag 
(Sigma) and o-RNF20/BRE1A (Bethyl). 

Purification and identification of GlcNAc proteins. The «-O-GlcNAc- 
immobilized beads were prepared with 15 ug o-O-GlcNAc (RL2) antibody and 
0.5 ml of Dynabeads M-280 sheep «-mouse IgG (Invitrogen) according to the 
manufacturer’s instructions. Chromatin extracts from HeLa cells (0.5 g protein) 
were prepared essentially as previously described”. In brief, the chromatin pellet, 
which consisted of residual material from the nuclear extract preparation with 
buffers supplemented with 1mM streptozotocin (STZ), was re-suspended with 
micrococcal nuclease (MNase) buffer (20mM Tris-HCl, 1mM CaCl, 2mM 
MgCl, 0.1M KCl, 0.1% (v/v) Triton-X, 0.3M sucrose, 1mM DTT, 1mM 
benzamidine, 0.2mM PMSF, 1mM STZ, pH 7.9). After addition of 3 Um! 
MNase, the samples were incubated for 30 min at room temperature with con- 
tinuous homogenization and the reaction was stopped by adding 5 mM EGTA and 
5mM EDTA. After centrifugation at 2,000g for 30 min at 4 °C, the supernatant 
(chromatin extract) was used for the following purification steps. The chromatin 
extracts were passed through a WGA agarose column (Vector). The flow-through 
fraction was further mixed with o-O-GlcNAc-immobilized beads and rotated for 
8h at 4°C. After three washes with buffer D (20 mM Tris-HCl, 0.2mM EDTA, 
5mM MgCl, 0.1M KCl, 0.05% (v/v) NP-40, 10% (v/v) glycerol, 1mM DTT, 
1 mM benzamidine, 0.2 mM PMSF, 1 mM STZ, pH 7.9), glycoproteins were eluted 
twice with buffer D plus 0.4 mg ml ! GlcNAc-O-serine (MBL) (elutions 1 and 2) 
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and finally with 0.1M glycine-HCl (pH2.0) (elution 3). Eluted proteins were 
desalted by methanol-chloroform precipitation, digested with trypsin (Promega) 
then loaded on the automated LC-MS/MS system, which was assembled with 
Zaplous nano-LC (AMR) plumbed with a reverse-phase C18 electrospray ioniza- 
tion (ESI) column (LC assist) and a Fiinigan LTQ ion-trap mass spectrometer 
(Thermo). The LC-MS/MS data were processed using Thermo BioWorks 
(Thermo) and SEQUEST (Thermo) for protein identification. The list of the iden- 
tified proteins was further analysed by using the ‘gene functional classification tool’ 
in DAVID bioinformatics resources 6.7 (http://david.abcc.ncifcrf.gov/). 
Recombinant proteins. Preparation of recombinant proteins was performed as 
previously reported***. Recombinant Flag—OGT, Flag-E1, Flag-BRE1A/B com- 
plexes were isolated by baculovirus expression and immunoprecipitation-based 
purification with «-Flag M2 agarose (Sigma). Recombinant 6 X His-RAD6A was 
expressed in bacteria and partly isolated with a HIS-Select Nickel Affinity Gel 
(Sigma). The eluate was diluted 1:20 with BCO (20mM HEPES, 0.2 mM EDTA, 
10% (v/v) glycerol, pH 7.9), and fractionated with a Resource Q column (GE 
Healthcare) using a linear gradient (0-0.5 M KCl) method. Preparation of recom- 
binant Xenopus histone H2B and its mutants was performed as previously 
described”””. 

In vitro GlcNAcylation assay (autoradiographic analysis). Recombinant Flag- 
OGT protein (0.5 jig) was incubated with 0.5 jig of recombinant histone and 0.2 mM 
(0.2 1.Ci) UDP-[PH]GIcNAc (PerkinElmer) in a 25 ul reaction (50 mM Tris-HCl, 
12.5mM MgCl, 1mM DTT, pH 7.5) for 24h at 37 °C. The reaction was resolved 
with SDS-PAGE, blotted onto a polyvinylidene difluoride (PVDF) membrane, then 
subjected to autoradiography after spraying EN’HANCE (NEN Lifescience). 

In vitro GlcNAcylation assay (MS analysis). Recombinant histones (1 Ug) or 
recombinant histone octamers assembled in vitro (1 1g) were GlcNAcylated by 
recombinant Flag-OGT in 25 ul reactions (50mM Tris-HCl, 2mM UDP- 
GlcNAc, 12.5mM MgCl, 1mM DTT, pH 7.5) for 24h at 37°C. The reactions 
were directly subjected to a nano-LC ESI-TOF mass spectrometer system, which 
was assembled with a 1100 nanoLC (Agilent) plumbed with a ZORBAX 300SB- 
C18 column (Agilent) and micrOTOF (Bruker). Or, the reactions were digested 
with trypsin (Promega) and subjected to purification of glycopeptides with an MB- 
LAC WGA kit (Bruker). The enriched glycopeptides were loaded on the nano-LC 
ESI-ETD ion-trap mass-spectrometer system, which was assembled with the 
Agilent HP1200 Nano (Agilent) plumbed with ZORBAX 300SB-C18 (Agilent) 
and amaZon ETD (Bruker). 

In vitro monoubiquitination assay. GlcNAcylated histones (1 1g) were ubiquiti- 
nated with the El (0.1 1g), RAD6 (0.2 jig), BRE] complex (0.5 1g), ubiquitin (3 11g) 
in 50 mM Tris (pH7.9), 5mM MgCl, 4mM ATP at 37 °C for 24h. 

ChIP-seq and ChIP-qPCR. ChIP and ChIP-seq libraries were constructed as 
previously described****. For ChIP-seq analysis, the libraries were sequenced to 
50 bp with Hiseq2000 (Illumina). For ChIP-qPCR analysis, the fragments of 
interest in the libraries were quantified with Thermal Cycler TP800 (TAKARA) 
and SYBR Premix Ex Taq II (Takara). The qPCR primer sets for the GSK3B gene 
were 5’-TGCAAGCTCTCAGACGCTAA-3’ and 5’-CTCATTTCTCATGGGCG 
TTT-3’. 
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An equilibrium-dependent retroviral mRNA switch 
regulates translational recoding 
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Most retroviruses require translational recoding of a viral messenger 
RNA stop codon to maintain a precise ratio of structural (Gag) and 
enzymatic (Pol) proteins during virus assembly’”. Pol is expressed 
exclusively as a Gag-Pol fusion either by ribosomal frameshifting or 
by read-through of the gag stop codon’. Both of these mechanisms 
occur infrequently and only affect 5-10% of translating ribosomes, 
allowing the virus to maintain the critical Gag to Gag-Pol ratio*®. 
Although it is understood that the frequency of the recoding event is 
regulated by cis RNA motifs, no mechanistic explanation is currently 
available for how the critical protein ratio is maintained. Here we 
present the NMR structure of the murine leukaemia virus recoding 
signal and show that a protonation-dependent switch occurs to 
induce the active conformation. The equilibrium is such that at 
physiological pH the active, read-through permissive conformation 
is populated at approximately 6%: a level that correlates with in vivo 
protein quantities. The RNA functions by a highly sensitive, chemo- 
mechanical coupling tuned to ensure an optimal read-through fre- 
quency. Similar observations for a frameshifting signal indicate that 
this novel equilibrium-based mechanism may have a general role in 
translational recoding. 

Genetic recoding either by frameshifting or by read-through 
requires cis-acting elements downstream of the recoding site in the 
mRNA. In murine leukaemia virus (MLV), a 63-nucleotide read- 
through signal (Fig. 1a) folds as a pseudoknotted’° structure (MLV- 
PK) that can independently direct recoding of stop codons**”°, even in 
heterologous RNA (see Supplementary Text and Supplementary Fig. 
la). Secondary structure mapping indicates that MLV-PK adopts a 
classic hairpin-type fold’ consisting of two stems, S1 and $2, connected 
by a single base loop L1 and an 18-nucleotide loop L2 (Supplementary 
Fig. 1a). The 8-base spacer between the UAG stop codon and the first 
base pair of stem S1 have been proposed to be unstructured”*". 
Although a majority of RNA pseudoknots contain specific tertiary 
interactions between stem and loop elements'’”, RNA melting data 
monitored by changes in ultraviolet radiation absorption indicated 
that these interactions in MLV-PK have an unexpected and pro- 
nounced dependence on pH (Supplementary Fig. 2). Assignment of 
the NMR data (Supplementary Figs 3 and 4) unambiguously con- 
firmed the presence of a pH-dependent equilibrium between two 
inter-converting conformations. Marked chemical shift perturbations 
are observed as the minor conformation becomes increasingly popu- 
lated at lower pH values: this allowed us to select reporter residues, A17 
and A14, by which to evaluate the equilibrium (Fig. 1b). As the N1 
position of Al7 becomes protonated, typical adjacent C2 chemical 
shift perturbations occur that allow us to calculate the pK, for this 
protonation event. Concurrent with protonation at A17, the C2 
position of the A14 residue in the minor groove of stem S1 experiences 
a downfield chemical shift change (Fig. 1b) and we observe the appear- 
ance of nuclear Overhauser enhancements (NOEs) from the Al4 
H2 resonance to ribose resonances of G49 and U50 in loop L2. 
Together these data show that Al4 enters a more electronegative 


environment upon the approach of loop L2 and hence indicate the 
formation of S$1-L2 tertiary interactions. Interestingly, curve fitting for 
both the Al7 and A14 resonances yielded a pK, value of 6.23 and a 
PHyoia Value (pH at which 50% of MLV-PK has a tertiary structure) of 
6.20, respectively, implying that the two processes of protonation and 
tertiary structure formation may be coupled (Fig. 1c and Supplemen- 
tary Fig. 5). We calculate that at physiological pH (7.4), a distribution 
would result in which ~6% of the MLV-PK population would have a 
tertiary structure whereas the remaining ~94% would lack the tertiary 
contacts. As this distribution correlates both with our in vivo observa- 
tions (Supplementary Fig. 6a) and with the previously observed in vivo 
levels of Gag-Pol and Gag**, respectively, we asked if an equilibrium 
(PKactive = PKinactive) determines the Gag:Gag-Pol ratio. 

To test functionally this hypothesis, we developed a dual luciferase 
reporter’? in vitro translation system and modulated the response by 
varying the assay pH (Fig. 1d). A control experiment using a scrambled 
MLV-PK sequence showed that translational read-through by ribo- 
somes is not affected in the pH range tested. These data show that at 
pH 7.4 ~5.5% of ribosomal recoding occurs—a level in agreement 
with our measured value of conformational exchange from the 
NMR experiments. Notably, however, the activity of MLV-PK was 
found to be strictly dependent upon the pH of the translation system, 
and exhibits enhanced read-through activity at lower pH (Fig. 1d). 
Thus, these results indicate that formation of tertiary structure in 
MLV-PK leads to read-through of the stop codon and, furthermore, 
that enriching the population with the tertiary fold enhances read- 
through-stimulating activity. Mutational analysis to test the import- 
ance of protonation at Al7 uncovered additional protonation sites, 
which demonstrate that MLV-PK is a complex multiple-proton sensor, 
and that protonation of A17 is one of two or more chemical triggers 
that govern the equilibrium (see Supplementary Text and Supplemen- 
tary Figs 6b and 7). 

Although conformational heterogeneity precludes us from assign- 
ing all protonation sites and their effect on the global structure of 
PKactives We can examine the role of A17~ by obtaining a partial struc- 
ture of PKyctive (see Methods). Comparison with the complete 
PKinactive Structure allows us to propose a mechanism for the con- 
formational transitions that are required for read-through activity 
(see Supplementary Figs 8, 9, 10 and 11 and Supplementary Table 1). 
In both conformations a G-U wobble and three distinct A-U Watson- 
Crick base pairs are observed in the NMR data (Supplementary Fig. 8). 
Whereas two canonical A-U base pairs are readily assigned to stem S1 
(U12-A30 and A14-U27), the third pair can only be formed between 
bases U6 and A37. Thus, in contrast to previous chemical probing 
studies’, our NMR assignments unambiguously prove that the helical 
stem S1 is extended by additional base pairing between residues G5-A8 
in the spacer and loop L2 residues A34—U38 (Fig. 1a, e and Supplemen- 
tary Fig. 1). The extended stem S1 helix also contains a 1 X 2 internal 
bulge’*"* formed by bases A8, A34 and G35 (see also Supplementary 
Fig. 9). Additionally, our structures consistently show residue A29 in 
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Figure 1 | MLV-PK conformational-equilibrium-dependent read-through. 
a, NMR-derived secondary structure of MLV-PK. Spacer residues (grey) G5- 
A8 originally predicted to be unstructured are involved in stem S1 formation 
and consequently loop L2 is shortened. Residue numbers are labelled according 
to their position in the in vitro construct. b, Adenosine C2 chemical shift 
changes in residues Al7 and A14 during pH titrations (Supplementary Fig. 5). 
c, Nonlinear data fits”® for residues A17 (top) and A14 (bottom) to determine 
the pK, and pH aig, respectively (Supplementary Fig. 5). d, The effects of the 
translation pH on MLV-PK read-through activity in vitro. Error bars indicate 
standard error (n = 3). Decreasing the pH from 7.8 to 7.1 leads to a 500% 
increase in read-through levels. At pH 7.0, our NMR data indicate that ~8% of 


stem S1 to be looped out towards the major groove and not involved in 
tertiary interactions even in PKactive (Supplementary Fig. 10). A direct 
consequence of the 12-base-pair (including the internal A8-G35 stack) 
extended stem S1 is a shortened 4-nucleotide spacer and a shortened 
loop L2 that has no long-range NOEs to stem S1 and hence is flexible in 
PK inactive (Fig. le). 

In the PKinactive Structure (Fig. le and Supplementary Table 1 and 
Supplementary Fig. 10), the extended stem S1 coaxially stacks on stem 
S2 to form a collinear, quasi-continuous helix as evidenced by typical 
stacking NOEs between G16 and G52 across the helical junction 
(Supplementary Fig. 4). Collinear stacking of stems S1 and S82 is 
possible because $2 contains seven base pairs, which leaves an ~8 A 
phosphorus-phosphorus distance for loop L1 across the $2 major 
groove. This distance can be spanned by the single nucleotide A17 
without introducing any major twist or bend at the helical junction’®. 
However, this coaxial stacking leads to steric hindrance at the junction, 
which, combined with a shortened loop L2, prevents S1-L2 interac- 
tions. In PK,ctivee protonation leads to changes that include a loss of 
stacking interactions between G16 and G52 at the helical junction, a 
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MLV-PK is in the folded conformation, which correlates very closely to the in 
vitro read-through level of ~7.5% at pH 7.1. e, NMR structure ensemble of 
PKinactive With residue A17 in orange and the flexible loop L2 in red. A 180° 
rotated view is shown in Supplementary Fig. 10a. f, Close-up views of the stem 
S2 and loop L1 major groove in both forms of MLV-PK and the A17* -C23:G53 
base-triple in PK, tive. Dotted lines indicate hydrogen-bond formation. 

g, Overlay of the PKinactive (red) and PKactive (green) structures showing the 
global transition upon PKactive formation. h, Schematic of the secondary 
structure model (right), a view from the helical axis (left). A17 protonation in 
MLV-PK overwinds the helical twist, which consequently leads to an 
interhelical bend and releases the steric hindrance at the $1-S2 junction. 


marked chemical shift change for residues at the S1-L2 turn (Sup- 
plementary Fig. 11) and the appearance of NOEs from G52 H2'/3’, 
G52 H8 and G53 H8 to the protonated Al17’ H2 (Supplementary 
Fig. 12). These data indicate that in PKactive A17* forms an A17*- 
C23:G53 base triple in the major groove (Fig. 1f). This repositioning of 
Al17~ decreases the length of loop L1 below the required minimal 
distance for coaxial stacking and, accordingly, an inter-helical bend 
is introduced that relieves the steric hindrance at the junction and 
allows for $1-L2 tertiary interactions (Figs 1f-h). 

Because our data show that MLV-PK contains critical motifs that 
may regulate the structural transition (A17, A29, the helical junction 
and the S1-L2 turn), we proposed that manipulating these sites to 
favour tertiary contacts may modulate the equilibrium between 
PKactive and PKinactive. Given that adenosine-stacking interactions 
are known to increase thermodynamic stability at turns'’, we asked 
if a U38A mutant would allow for increased A38-A39 stacking at the 
S1-L2 turn and explain the previously observed increase in read- 
through levels*. In addition, we used an A29C mutant to test if 
the looped-out A29 sterically hinders S1-L2 triplex formation. 
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Read-through levels in vivo are significantly stimulated in both U38A 
(~80% increase) and A29C (~20%) (Supplementary Fig. 6c). 
Remarkably, the pK, for A17 in the U38A mutant is increased to 
6.40 (Fig. 2a, b) and inter-helical bending occurs at higher pH (data 
not shown). Consequently, this construct has an increased response to 
pH change (Fig. 2a). These data indicate that improved adenosine 
stacking in U38A facilities $1-L2 folding, which is tightly coupled to 
the protonation event at the distal A17 site via the helical junction. 
Next, we asked if the two hyperactive mutants could have an additive 
effect ina U38A:A29C double mutant. Notably, a synergistic effect was 
observed for the double mutant, affording a ~260% increase in read- 
through levels in vivo, which correlates with a significantly elevated 
pK, of 7.09 for Al7 (Fig. 2b, c and Supplementary Fig. 13). 
Furthermore, we could also design mutants that disrupt the structural 
integrity of the stem S1 and the S1-L2 turn and shift the equilibrium 
towards the PKinactive form: the pH response is thus attenuated 
(G15A:C26U) or abrogated (G11C, U6A, A39U) (Fig. 2a and 
Supplementary Figs 6c and 11b). 

Next, we decided to engineer an artificial inter-helical bend by 
deleting one base pair in $2 (AGC) to test the importance of the 
mechanical response. Noticeably, our NMR data for AGC show that 
although the junction is unstacked at high pH, its ability to form the 
PKactive conformer is abrogated (Fig. 3a and Supplementary Fig. 14). 
This construct is not pH responsive, indicating that the correct register 
for the S1-L2 triple-helix formation does not form. We were able to 
rescue this mutant by using a AGC:U38A double mutant (Fig. 3b). 
Because U38A stabilizes the S1-L2 turn, this construct readjusts the 
inter-helical bend by bringing loop L2 in register with stem S1. This 
restores the pH response and conclusively proves that long-range 
effects occur between the junction and the S1-L2 turn. Although it 
was not possible to perform the in vitro translation experiment on the 
AGC mutant owing to the associated introduction of an in-frame 
U3gAA stop codon, we could test the AGC:U38A construct (Fig. 3b). 
In agreement with our NMR data this construct rescues the pH- 
modulated recoding activity, albeit with a lower efficiency compared 
to U38A (Fig. 3b). These experiments prove that the mechanical and 
chemical responses in MLV-PK are indeed coupled, and confirm our 
equilibrium-based RNA conformational switch model. Finally, similar 
pH-dependent, frameshift activity by the well-characterized frame- 
shifting signal from beet western yellows virus (BWYV)'*” pseudo- 
knot (Fig. 3c) suggests that fine-tuning a proton-driven structural 
equilibrium may be a common mechanism for regulating recoding 
of gene expression. 
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Figure 2 | Functional data for modulation of the equilibrium. a, The effects 
of the translation pH on read-through activity of MLV-PK S1-L2 turn mutants 
in vitro. The data show the positive effect of increased stacking in U38A, which 
is abrogated in U38C and correlates with in vivo activity (Supplementary Fig. 
6c). Error bars indicate standard error (n = 3). b, Hill plots” (R = 0.99) to 
determine the pK, values of A17 in the indicated MLV-PK constructs. Ay is the 
total chemical shift difference for the C2 carbon of A17 in PK inactive and PK active 
and A is the difference between the C2 chemical shift at a given pH and the 
maximum chemical shift. c, In vivo read-through levels for the MLV-PK wild 
type (WT3) and the U38A:A29C mutant. 
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Figure 3 | Compensatory effects of the S1-L2 turn on the engineered inter- 
helical bend and equilibrium-based frameshifting levels. a, One-dimensional 
NMR data (left) at pH 7.4 (black) and pH 5.2 (blue) for the indicated MLV-PK 
constructs to probe the long-range conformational transition. See 
Supplementary Fig. 2b for comparison with wild-type MLV-PK. Corresponding 
schematic topology models (right) indicate the degree of inter-helical bending 
and compensation by the $1-L2 turn. Broadening of the line widths are 
indicative of tertiary structure formation, which is abrogated in AGC but 
compensated in the AGC:U38A mutant. b, The effects of the translation pH on 
the in vitro read-through activity of the above MLV-PK constructs. Error bars 
indicate standard error (n = 3). ¢, Comparison of the effects of the translation 
pH on MLV-PK read-through and BWYV and human immunodeficiency 
virus-1 (HIV-1) frameshift activity in vitro. Error bars indicate standard error 
(n = 3). In HIV-1, the recoding signal is understood to be a stem-loop”* in which 
no protonation sites are predicted. In our pH-modulated assay the HIV-1 
construct is not dependent on protonation for activity. 


RNA is capable of a wide range of structural transitions ranging 
from subtle rearrangements to global folding that determine func- 
tion’. MLV-PK is a highly responsive, multi-proton sensor that 
couples a chemical and mechanical response to induce a conforma- 
tional transition. We present a novel equilibrium-based mechanism 
for regulation of the frequency of ribosomal recoding, wherein the only 
determinant required is an RNA conformational switch (Fig. 4). 
Previous explanations for how the recoding frequency is maintained 
have invoked mechanisms such as ribosomal mechanical stress, ther- 
modynamic and kinetic stability of the recoding signal, ribosomal 
pausing and ribosomal helicase unwinding”’**. These processes will 
have a role in recoding but, according to our proposed mechanism, 
they would occur only if the translating ribosome encounters the active 
conformation of the RNA. Further support for our mechanism comes 
from the slow exchange lifetime of MLV-PK on the NMR time scale 
(>100 ms), which is slower than the known rate of ribosomal decoding 
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Figure 4 | Model for equilibrium-based mechanism. Gene expression via 
translational recoding is regulated by a dynamic equilibrium 

(PKactive = PKinactive) between an active, read-through permissive 
conformation and an inactive, non-permissive conformation the distribution 
of which determines the Gag:Gag-Pol ratio. Ribosomes that encounter the 
PKactive conformation continue translating through the stop codon. Structural 
and functional data indicate that PK, jive interacts with the ribosome before the 
stop codon is in the decoding centre owing to the shortened nature of the linker. 


in vivo’. This ensures that the pseudoknot tertiary fold will be main- 
tained while a translating ribosome attempts to decode the Gag:Gag- 
Pol boundary. 


METHODS SUMMARY 


Detailed methods for RNA sample preparation, biophysical characterization 
structure determination” and translational recoding assays'* can be found in 
Methods. 


12,24 
> 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


RNA sample preparation. DNA sequences were designed to include the T7 
promoter, an insert sequence corresponding to nucleotides 1-63 of MLV-PK, a 
Smal linearization site and restriction sites for BamHI and EcoRI for insertion of 
the amplified product into pUC19. RNA samples for biophysical experiments 
were transcribed and purified as described”*. Samples were prepared in various 
buffers as required for the experiments (see later). 

UV melting analysis. RNA samples for the wild-type, U38A and A39U MLV-PK 
constructs were annealed at 95 °C under dilute conditions (1-2 1M) in UV buffer 
(20 mM cacodylate, 1 M NaCl). Absorbance versus temperature melting curves for 
the MLV-PK RNA samples were acquired at wavelengths of 260 nm and 280 nm. 
The heating rate was fixed at 0.5°C min” ' with a Beckman DU800 single beam 
spectrophotometer equipped with a Peltier heating device. The pH experiments 
were performed at pH 5.5 and 7.5 and absorbance data were converted to first 
derivative versus temperature plots and analysed as described previously’. 

In vivo translation assay. Read-through was monitored using the p2luc dual 
luciferase reporter system’*. The complete MLV-PK, BWYV and HIV-1 recoding 
sequence (MLV-PK, GACCCTAGATGACTAGGGAGGTCAGGGTCAGGAG 
CCCCCCCCTGAACCCAGGAAACCCTCAAAGTCGGGGGGCAACCCGTC; 
BWYV, CAATTCATCGGGAAACTAAGTGCGCGGCACCGTCCGCGGAAC 
AAACGGAAG; HIV-1, GAGACAGGCTAATTTTTTAGGGAAGATCTGGCC 
TTCCCACAAGGGAAGGCCAGGAATTTTCTTCAGAGCAGACCATAGCC) 
were inserted between the Renilla (Rluc) and firefly (Fluc) luciferase genes using 
either the Sall and BamHI or the BamHI and Sacl restriction sites. To normalize 
for transfection and translation efficiency, control constructs were transfected in 
parallel to the sample plasmid. The control plasmid was identical to the MLV-PK 
construct except for a single U to C mutation in the stop codon and represented a 
read-through efficiency of 100% at the mutated codon. The control constructs for 
BWYV and HIV-1 contained the same sequences in the — 1 reading frame and the 
slippery sites were abrogated: (BWYV, CAATTCATCCGGGAAGCTAAGTGCG 
CGGCACCGTCCGCGGAACAAACGGAAG; HIV-1, GAGACAGGCTAACTT 
CTTAAGGGAAGATCTGGCCTTCCCACAAGGGAAGGCCAGGGAATTTT 
CTTCAGAGCAGACCATAGCC). Dual luciferase assays were performed in 96- 
well format. 293A cells (Invitrogen) were plated at a density of 2 x 10* cells per 
well in 125 1] DMEM plus penicillin and streptomycin and 10% FBS and grown 
overnight at 37°C in 5% CO . Transfections were performed with Fugene6 
(Roche) and transfection mixes were made according to the manufacturer’s 
instructions (50 ng reporter, 0.150 pl Fugene6, serum-free medium in a 17.5 pl 
final volume). Transfections were performed in triplicate and 5 il of the trans- 
fection mix was added to each well. Twenty-four hours post-transfection, the 
supernatant was decanted and 25 1] 1X PLB (passive lysis buffer; Promega) was 
added to each well. Lysates were incubated at ambient temperature with agitation 
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for 10 min then subjected to one freeze-thaw cycle (—80 °C). Dual luciferase 
measurements were performed with 20 il of the lysate using a dual luciferase 
reporter assay system (Promega). The luciferase values from the control were 
used to normalize those from the sample, allowing us to report read-through 
normalized to 100%. 

In vitro translation assay. Dual luciferase plasmids containing the MLV-PK 
recoding sequence inserted between the Sall and BamHI sites were linearized with 
Hpal and recovered by ethanol precipitation. The linearized template (1 ug) was 
used to synthesize capped RNA using the mMESSAGE mMACHINE kit 
(Ambion) and the manufacturer’s protocol (2h incubation). The capped RNA 
was polyadenylated for 1h using the poly(A) tailing kit (Ambion) and the mRNA 
was purified using the MEGA Clear kit (Ambion). RNA integrity was confirmed by 
running 1 pg on a denaturing glyoxal gel. The pH of the rabbit reticulocyte lysate 
(Ambion) was altered by the addition of dilute HCl and NaOH, the concentration 
of which was empirically determined. 5.75 ul of HCl (9.35, 6.32, 3.33, 0.0 mM) or 
NaOH (0.53, 1.30, 2.04, 2.78, 3.51, 4.23, 4.93, 5.63, 6.34 mM) was dispensed into 
0.2 ml PCR tubes. Translation mixes (prepared in triplicate) were combined on ice 
and contained 1.25 pl 20X translation buffer (Ambion), 0.5 ul 50 (2.5mM) 
methionine, 17 pul lysate and 0.5 ul (0.125 1g) reporter mRNA. The translation 
mix was added to the dilute acid or base, briefly vortexed, and incubated at 
30°C for 1.5h. The reaction was quenched on ice for 10 min, 5 pl was removed 
for the dual luciferase assay and the pH of the remaining reaction was measured at 
30 °C with an InLab Micro pH probe (Mettler-Toledo). 

NMR data acquisition, resonance assignment and structure calculations. For 
NMR experiments RNA samples were resuspended in NMR buffer (10 mM Tris- 
HCl at pH 6.5 and pH 7.5 for PKyctive and PKinactives respectively, and 10 mM 
NaCl). NMR data were acquired using Bruker 700 MHz and 900 MHz spectro- 
meters equipped with cryoprobes. Spectra were recorded at 298 K and 308 K with 
the exception of data for the imino region for which data were also recorded at 
278 K. Assignments for non-exchangeable 'H and “°C signals were obtained from 
two-dimensional NOESY, two-dimensional HMQC and _three-dimensional 
HMQC-NOESY data sets recorded with unlabelled and nucleotide-specific 
(ACCN-MLV-PK, GC°N-MLV-PK) selectively labelled samples and two- 
dimensional NOESY samples obtained for nucleotide-specifically deuterated sam- 
ples (GU"-MLV-PK and AC'-MLV-PK)*. Structures were calculated as 
described” using manually assigned restraints in CYANA”. The statistics table 
for the PKinactive Structure ensemble is included in Supplementary Table 1. The 
changes that occur upon A17 protonation in stem $2, loop L1 and the helical 
junction were used to generate a model for this region of PK active. The NOEs were 
confirmed with various MLV-PK mutants (U6A, A17U, A17C) (see 
Supplementary Figs 11 and 12). Molecular images were generated with PyYMOL 
(http://www.pymol.org). 
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Structures of the multidrug exporter AcrB reveal a 
proximal multisite drug-binding pocket 


Ryosuke Nakashima!, Keisuke Sakurai!*, Seiji Yamasaki’, Kunihiko Nishino® & Akihito Yamaguchi!” 


AcrB and its homologues are the principal multidrug transporters 
in Gram-negative bacteria’ ° and are important in antibiotic drug 
tolerance”*. AcrB is a homotrimer that acts as a tripartite com- 
plex”"® with the outer membrane channel TolC'”” and the mem- 
brane fusion protein AcrA‘**. Minocycline and doxorubicin have 
been shown to bind to the phenylalanine cluster region of the 
binding monomer’’. Here we report the crystal structures of 
AcrB bound to the high-molecular-mass drugs rifampicin and 
erythromycin. These drugs bind to the access monomer, and the 
binding sites are located in the proximal multisite binding pocket, 
which is separated from the phenylalanine cluster region (distal 
pocket) by the Phe-617 loop. Our structures indicate that there are 
two discrete multisite binding pockets along the intramolecular 
channel. High-molecular-mass drugs first bind to the proximal 
pocket in the access state and are then forced into the distal pocket 
in the binding state by a peristaltic mechanism involving sub- 
domain movements that include a shift of the Phe-617 loop. By 
contrast, low-molecular-mass drugs, such as minocycline and 
doxorubicin, travel through the proximal pocket without specific 
binding and immediately bind to the distal pocket. The presence of 
two discrete, high-volume multisite binding pockets contributes to 
the remarkably broad substrate recognition of AcrB. 

The crystal structure of the AcrB trimer’® indicates that drugs are 
taken up from the vestibules on the side of AcrB and are subsequently 
released from the funnel-like opening at the top of the AcrB trimer into 
the TolC channel. Our first AcrB crystal had crystallographic three- 
fold symmetry’® (space group, R32). Although there have been reports 
of symmetrical crystal structures of AcrB bound to drugs and to sub- 
strates'’°°, neither we nor another group” detected any binding to 
drugs for the R32 crystal of AcrB. Subsequently, we obtained a different 
AcrB crystal that did not have crystallographic three-fold symmetry 
(space group, C2) and determined a structure for AcrB bound to 
minocycline and doxorubicin using this crystal’’. Notably, for each 
drug only one molecule was bound to the AcrB trimer. Each of the 
three AcrB monomers represents a different intermediate state of the 
transport reaction: ‘access’, ‘binding’ and ‘extrusion’. Drugs bind only 
to the binding monomer, and the binding sites are located in the 
phenylalanine cluster region’’. Intramolecular channels connect the 
vestibule to the drug-binding site, but the exit from the binding site to 
the funnel-like opening at the top of the AcrB trimer is closed (inside- 
open form). By contrast, the extrusion monomer has an open exit and 
a smaller vacant binding site, and the channel from the vestibule is 
closed (outside-open form). The access monomer has an inside-open 
structure, but also has a smaller binding site. Drugs are transported by 
a functionally rotating mechanism'*” that is also found in native, 
asymmetric crystals of AcrB**° and its close homologue MexB”*. 

The binding sites for minocycline (relative molecular mass, 
M, ~457) and doxorubicin (M, ~544) only partly overlap, and this 
type of multisite binding has been reported previously for the tran- 
scriptional regulator QacR?’. However, AcrB has a much broader 


substrate specificity’ than QacR. In this study, we determined the 
crystal structure of AcrB in complex with the high-molecular-mass 
drugs (HMMDs) rifampicin (M, ~823) and erythromycin (M, ~734). 
As a result, we discovered an additional multisite binding pocket 
(proximal binding pocket) that is separated from the pocket where 
minocycline and doxorubicin bind (distal binding pocket). 

The crystal structure of rifampicin-bound AcrB is generally consist- 
ent with previous structures determined for minocycline-bound and 
doxorubicin-bound AcrB”* (Fig. 1a and Supplementary Fig. 2a). In the 
difference Fourier map that we constructed between rifampicin-bound 
and drug-free AcrB at 4.00, we detected electron density for only 
one drug molecule bound to the trimer (Fig. la and Supplementary 
Fig. 2a, b). The rifampicin (Supplementary Fig. 1a) molecule is bound 
to the access monomer and not the binding monomer (Fig. 1b) and 
there is no extra electron density observed at the corresponding region 
in the binding or extrusion monomers. 

Rifampicin is sandwiched between the B-sheets of the PC1 and PC2 
subdomains in the access monomer. Arg 717 of the PC2 subdomain is 
hydrogen-bonded to the oxygen atom of the 25-acetoxy group of 
rifampicin and Asn 719 is hydrogen-bonded to the 1-hydroxyl group 
of the aromatic ring and the 21-hydroxyl group of the ansa-chain 
(Fig. 1c and Supplementary Figs 1 and 2c). Phe 617 of the PCl 
subdomain interacts hydrophobically with the 12-methyl group of 
rifampicin. 

Phe 617 is located at the tip of the hairpin-like loop between the 
CB2' and CB3’ chains of PC1 (Fig. 1c and Supplementary Fig. 2c). We 
noticed this distinctive structure in our previous report’® and referred 
to it as a ‘hook-like bend’; however, we did not know its significance 
at that time. Phe 617 also interacts with doxorubicin in the binding 
monomer of doxorubicin-bound AcrB’’, The rifampicin- and 
doxorubicin-binding sites are located back to back across the Phe- 
617 loop (Supplementary Fig. 3), which forms a partition between 
the proximal and distal binding pockets. Furthermore, there is a 
narrow channel from the proximal binding pocket to the distal binding 
pocket under the Phe-617 loop (Supplementary Fig. 3). In the binding 
monomer, the Phe-617 loop swings towards the rifampicin-binding 
site and, as a result, prevents rifampicin from binding to the proximal 
pocket in the binding monomer (Supplementary Movie 4a, b). 

We determined the structure of erythromycin-bound AcrB (Fig. 2a 
and Supplementary Fig. 5a) and found that erythromycin (Sup- 
plementary Fig. $1) binds to the access monomer. The erythromycin- 
binding site partly overlaps the rifampicin-binding site. When the two 
binding forms are superimposed (Fig. 2b and Supplementary Fig. 5b), 
the macrolide ring of erythromycin is located under rifampicin and is 
perpendicular to its macrocyclic ring. 

In the erythromycin-bound structure, the Phe-617 loop is located 
farther towards the rifampicin-binding site (Supplementary Fig. 6) than 
in the rifampicin-bound structure. The macrocyclic ring of erythromycin 
binds in the space under the Phe-617 loop, towards the phenylalanine 
cluster region, and partly overlaps the doxorubicin-binding site. This 
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Figure 1 | Crystal structure of the rifampicin-bound AcrB trimer. The three 
AcrB monomers are shown in blue, red and green to indicate the binding, 
extrusion and access monomers, respectively. This colour scheme is used in all 
the figures. a, Entire structure of the AcrB trimer with rifampicin viewed from 
the side and parallel to the membrane plane. The difference Fourier map 
(Farag ~ Firee) of bound rifampicin is depicted by an orange mesh, contoured at 


ring is sandwiched between Phe 617 and the loop containing Ser 134 
and Ser 135. Additionally, the side chains containing residues Ser 79 
and Thr 91 in the PN1 subdomain and the side chain containing 
residue Asp 681 in the PC2 subdomain surround the desosamine 
moiety of erythromycin, and Leu 674 is located near the cladinose 
moiety (Fig. 2c and Supplementary Fig. 5c). 

In the binding monomer, the distance between Phe 617 and the pair 
of serine residues Ser 134 and Ser 135 is greater than in the access 
monomer, and as a result the erythromycin molecule does not fit into 
the proximal binding site in the binding monomer (Supplementary 
Movie 7a and Supplementary Fig. 7b). The distal pocket in the binding 
monomer is large enough to accommodate erythromycin, but we did 
not detect this drug in the distal pocket. The erythromycin is probably 
absent because the path under the Phe-617 loop is too narrow for the 
drug (as it is for rifampicin) to pass through in the purified proteins. 
During the dynamic drug efflux process, erythromycin and rifampicin 
would be forced through this path by a transient conformational 
change from the access form to the binding form, and the drugs would 
be present in the distal pocket in the binding state. 

As shown in Fig. 3, rifampicin and minocycline bind to the AcrB 
trimer simultaneously; these drugs bind to the access and binding 
monomers, respectively, as indicated by the difference Fourier map 
(Farug — Firee) at 4.00 (Supplementary Movie 8). 

To clarify the in vivo roles of the proximal and distal binding pockets 
of AcrB, we constructed a series of site-directed mutants (Fig. 4a 
and Supplementary Fig. 9a, b). The expression level of AcrB was not 


Figure 2 | Crystal structure of the erythromycin-binding site of AcrB with a 
bound erythromycin molecule. Carbon atoms of erythromycin are shown in 
yellow. The other colours indicate the same as in Fig. 1c. a, Close-up view of the 
erythromycin-binding site. Bound erythromycin is shown in yellow, and the 
difference Fourier map with positive peaks (orange mesh, contoured at 3.00) 


566 | NATURE | VOL 480 | 22/29 DECEMBER 2011 


4.00. b, Cutaway view of the head piece of the AcrB trimer from the distal side of 
the cell. c, Close-up view of the rifampicin-binding site. Carbon atoms of 
rifampicin and AcrB are shown in magenta and green, respectively. Nitrogen, 
oxygen and sulphur atoms are shown in blue, red and yellow, respectively. 
Hydrogen bonds are indicated by dotted lines. 


significantly affected by these mutations (Supplementary Fig. 10), and 
the effects of the mutations on the erythromycin (proximal-binding 
drug) and doxorubicin (distal-binding drug) resistances of Escherichia 
coli cells expressing mutant AcrB were determined (Fig. 4b and 
Supplementary Fig. 11a, respectively). 

The drug export activity of AcrB was measured by its ability to 
prevent the accumulation of doxorubicin in E. coli cells. As shown 
in Fig. 4c, acrB-deficient E. coli cells accumulated doxorubicin, and 
doxorubicin fluorescence in the medium showed time-dependent 
quenching. By contrast, AcrB-expressing cells did not show quenching 
of doxorubicin fluorescence because AcrB immediately expelled the 
doxorubicin that was incorporated into the cell. The addition of 
minocycline (a low-molecular-mass drug (LMMD)), erythromycin 
or rifampicin (both HMMDs) inhibited doxorubicin extrusion and 
restored the decrease in doxorubicin fluorescence in AcrB-expressing 
cells, indicating that LMMDs and HMMDs use a common transloca- 
tion pathway. Furthermore, kanamycin did not restore doxorubicin 
fluorescence quenching because AcrB does not export kanamycin. 
Additionally, doxorubicin fluorescence itself was not affected by these 
antibiotics (Supplementary Fig. 12). 

Ser 134 and Ser 135 form hydrogen bonds with erythromycin 
(Fig. 2c and Supplementary Fig. 5c). Residues Ser 79 and Thr 91 do 
not directly interact with erythromycin (Fig. 4a), but the introduction 
of long side chains at these positions would prevent erythromycin 
binding. Asp 681 is located in the deep interior of the proximal pocket, 
and the introduction of a high-volume side chain at this position also 


Cpe’ 


C3’ 


and negative peaks (cyan mesh, contoured at —3.5a) is shown. b, Overlapping 
structures of rifampicin and erythromycin at the binding site of AcrB. 

c, Erythromycin binding site of AcrB with a bound erythromycin molecule. 
Hydrogen bonds are indicated by dotted lines. 
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Figure 3 | Structure of the AcrB trimer with simultaneously bound 
rifampicin and minocycline. a, Side view of AcrB with a difference Fourier 
map of bound rifampicin in the access monomer and minocycline in the 
binding monomer, which is depicted by a cyan mesh, contoured at 4.0c. 


would prevent erythromycin binding (Fig. 4a). The double mutations 
Ser134Ala Ser135Ala and Ser79Arg Thr91Arg and the single mutation 
Asp681Trp all significantly decreased cell growth at subinhibitory 
concentrations (32,1gml') of erythromycin (Fig. 4b). However, 
doxorubicin resistance (Supplementary Fig. 11a) and its efflux trans- 
port (Fig. 4d) were not affected, probably because of the weak inter- 
action of doxorubicin with the proximal pocket and because of the 
space available for doxorubicin to travel through the pocket. In these 
proximal mutants, the inhibition of doxorubicin efflux by erythromycin 
completely disappeared (Fig. 4e), supporting the idea that the drugs 


b, Horizontal cutaway view of AcrB. Rifampicin and minocycline are shown in 
magenta and cyan, respectively, using stick representations, and the Phe-617 
loops are shown in red. 


that bind proximally and distally pass through a common transloca- 
tion pathway. 

The distal pocket mutations Phe610Ala and Phe628Ala reduced 
both doxorubicin and erythromycin resistance to varying degrees 
(Fig. 4b and Supplementary Fig. 11a), which indicates that both drugs 
travel through the distal pocket in vivo. Additionally, doxorubicin 
efflux activity was completely abrogated in these distal mutants 
(Fig. 4d). 

The drug-binding AcrB structure revealed that the Phe-617 loop 
separates the proximal and distal pockets, and that the orientation of 
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Figure 4 | Effect of site-directed mutagenesis in the two binding pockets and 
putative intramolecular channels. a, Close-up view of the erythromycin- 
binding site with mutated amino-acid residues indicated by blue sticks. The 
branched intramolecular channels are outlined in black, the Phe-617 loop (Gly 
614-Gly 621) is shown in red and bound erythromycin is shown in yellow. For 
clarity, some residues have been removed from the foreground. b, Growth of 
mutant-AcrB-expressing E. coli cells in the presence of 32 pg ml! 
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erythromycin. c-e, Quenching of doxorubicin fluorescence as a result of 
doxorubicin accumulation in intact mutant-AcrB-expressing E. coli cells: 
competitive inhibition of doxorubicin export by various drugs (MINO, 
minocycline; EM, erythromycin; RF, rifampicin; KM, kanamycin) (c); effect of 
AcrB mutations on doxorubicin export (d); effect of erythromycin on 
doxorubicin export by mutant AcrB (e). a.u., arbitrary units. 
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Figure 5 | Crystal structure of the rifampicin-minocycline-bound AcrB 
trimer. a, Side view of the AcrB trimer with intramolecular channels and 
bound drugs. The channels are shown as coloured solid surfaces and were 
calculated using the program CAVER”; the channels include the proximal 
binding pocket (light green), the distal binding pocket (light pink) and the exit 
funnel (light yellow). Three channels are labelled, and bound drugs are shown 


this loop alters the active binding pockets (Supplementary Fig. 3 and 
Supplementary Movie 4). However, the Phe617Ala mutation has been 
reported to have no effect on resistance to erythromycin or doxorubicin”. 
Therefore, we introduced the double mutations Gly614Pro Gly621Pro 
and Gly616Pro Gly619Pro to prevent movement of the Phe-617 loop. 
The growth of these mutants under a subinhibitory concentration of 
either erythromycin (Fig. 4b) or doxorubicin (Supplementary Fig. 11a) 
was drastically reduced, to the level of the acrB-deficient strain 
(Fig. 4b). Doxorubicin efflux activity was also completely lost in these 
loop translocation mutants (Fig. 4d). 

We determined the crystal structure of one of these mutants 
(Gly616Pro Gly619Pro; Supplementary Fig. 13a, b) and found that 
the overall structure was not altered (Supplementary Fig. 13c). The 
Gly-to-Pro double mutations in the Phe-617 loop did not prevent the 
AcrB monomers from adopting different conformations. However, as 
shown in Supplementary Fig. 13d, the position of the mutant Phe-617 
loop in the binding monomer is closer to that in the wild-type access 
monomer than that in the wild-type binding monomer, indicating that 
the movement of the Phe-617 loop during the conformational change 
from the access form to the binding form is prevented by the 
Gly616Pro Gly619Pro mutation as expected. 

The CAVER protein-analysis software” estimates that there are 
three possible entrance channels: channel 1, from the vestibule’’; 
channel 2, from the lower external depression**”*; and channel 3, from 
the central cavity (Fig. 5a). Leu 674 is located at the juncture of 
channels 1 and 2, Ser 462 is halfway along channel 1, and Phe 666 
and Ala 677 are located at the entrance of channel 2. Because the 
channels are narrow, the introduction of a high-volume side chain 
at these positions is expected to prevent drug entrance. The growth 
of strains bearing the mutation Leu674Trp, Ser462Lys, Phe666Trp or 
Ala677Trp was significantly decreased by subinhibitory concentra- 
tions of either erythromycin or doxorubicin (Fig. 4b and Supplemen- 
tary Fig. lla). The doxorubicin efflux activity of the Leu674Trp, 
Phe666Trp and Ala677Trp mutant strains was significantly reduced, 
and that of the Ser462Lys mutant strain was nearly undetectable 
(Fig. 4d). These results indicate that channels 1 and 2 act as a transloca- 
tion route for HMMDs and LMMDs; however, we have not yet obtained 
site-directed mutagenesis data addressing the role of channel 3. 

In conclusion, AcrB has two high-volume, multisite drug-binding 
pockets that line the drug translocation channel (Fig. 5a). Drugs taken 
up from the three possible entrances are transported by a peristaltic 
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in the CPK representation (rifampicin in magenta and minocycline in cyan). 
The framework of the central cavity and membrane surface is indicated by solid 
lines. b, Peristaltic drug transport mechanism of AcrB, with channels labelled as 
in a. The drugs are transported from a proximal pocket to a distal pocket by 
peristaltic motion that results from a conformational change from the access 
state to the binding state. 


mechanism”? through both pockets and are finally extruded from the 
top exit (Fig. 5b). Whereas HMMDs are mainly recognized by the 
proximal pocket, the distal binding pocket recognizes LMMDs. This 
multiplicity of multisite drug-binding pockets and entrances contri- 
butes to the remarkably broad substrate specificity of AcrB. 


METHODS SUMMARY 


Crystallization and structure determination of drug-binding AcrB. C2 crystals 
of substrate-free AcrB and C2 crystals of AcrB-substrate complexes were generated 
(Methods). The structures of the substrate-free, rifampicin-bound, erythromycin- 
bound and rifampicin-minocycline-bound forms were solved at resolutions of 
3.35, 3.35, 3.35 and 3.3 A, respectively (Supplementary Table 1). The bound sub- 
strates were located using a difference Fourier map. 

Site-directed mutagenesis and the measurement of the drug efflux activity of 
AcrB. Point mutations were introduced into the acrB gene harboured by the 
pBADaczB plasmid by using In-Fusion PCR cloning (Takara Bio Inc.) with muta- 
genic primers as described in Methods. The resulting mutant AcrB proteins have a 
polyhistidine tag on the carboxy terminus similarly to wild-type AcrB, and protein 
expression was measured using an anti-polyhistidine antibody. AcrB was 
expressed from a pBADacrB-derived plasmid in acrB-deficient MG1655“" E. 
coli cells. AcrB expression was limited to roughly endogeneous levels by adding the 
inducer arabinose (10 mM) during cell growth. The activity of the mutant AcrB 
proteins was measured using a drug susceptibility test for erythromycin (Methods) 
and a drug efflux assay. Drug efflux activity was measured by the quenching of 
doxorubicin fluorescence. When a 100-t1l E. coli cell suspension (Agoo nm 18) was 
incubated with 28.6 tM doxorubicin in a 96-well, flat-bottomed plate, the fluor- 
escence intensity (excitation wavelength of 480 nm and emission wavelength of 
600 nm) decreased in a time-dependent manner owing to the accumulation of 
doxorubicin in the cells. When doxorubicin was expelled from cells by the efflux 
pump, this decrease in fluorescence intensity was prevented. Therefore, the 
abrogation of doxorubicin fluorescence quenching is a good measure of efflux 
activity. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Preparation of native and drug-complexed crystals. Wild-type AcrB was tagged 
with polyhistidine at its C terminus as described previously'®, and polyhistidine- 
tagged AcrB was prepared as described previously’’. To ensure AcrB-drug com- 
plex formation, the drug-to-protein molar ratio was in the range of 10:1 to 30:1. 
Rifampicin (2.4mM), erythromycin thiocyanate (7.1mM) or minocycline 
(3.6 mM) plus rifampicin (4.7 mM) was added to the purified protein and incu- 
bated for several hours at 4°C before set-up of the crystallization procedure. 
Crystals were grown using the vapour diffusion method from sitting drops at 
25°C. A protein solution containing 28 mg ml ' protein, 20 mM sodium phos- 
phate (pH 6.4), 10% (v/v) glycerol and 0.1% (w/v) sucrose monododecanoate was 
mixed with an equal volume of reservoir solution containing 14% (w/v) polyethylene 
glycol 4000, 100mM sodium phosphate (pH 6.4) and 100mM NaCl. 
Cryoprotection was achieved by raising the glycerol concentration stepwise to 
30% (v/v) in 5% increments. Crystals were picked using LithoLoops (Protein 
Wave) for flash cooling in a cold nitrogen gas stream (100K) from a cryostat 
(Oxford Cryosystems). 

Crystallographic analysis. Each data set was collected using the BL44XU 
beamline at SPring-8 with an MX225-HE charge-coupled-device detector 
(Rayonix) at 100K. The diffraction data were processed and scaled using the 
HKL2000*' package. The crystals belonged to the C2 space group, and the cell 
dimensions are listed in Supplementary Table 1. The initial phases were first 
determined by molecular replacement with MOLREP* in the CCP4 program 
suite using the atomic coordinates of AcrB (Protein Data Bank ID, 2DHH) as 
a search model. Model rebuilding was performed using COOT*, and model 
refinement was performed using CNS** and REFMAC”*. Of the 1,049 residues 
in the entire molecule, the atomic parameters of residues 1-498 and 513-1,036 
converged well during refinement. To identify drug molecules in the AcrB-drug 
complexed crystals, difference Fourier maps were calculated with coefficients of 
(|Farug] — |Fireel )exP(i%free) at a resolution of 3.35 A, where Farug is the structure 
factor in the presence of a bound substrate, Fee is the structure factor of the drug- 
free crystal and af,.. is the phase of the drug-free crystal refined at a resolution of 
3.35.A. Refinement was performed at the same resolution for the rifampicin- 
bound complex and for the erythromycin-bound complex, and at a resolution 
of 3.30 A for the minocycline-rifampicin-bound complex with constrained struc- 
tures for the drug molecules. The quality of the diffraction data and the refinement 
statistics are provided in Supplementary Table 1. Each figure was constructed 
using PYMOL (version 1.3r1; Schrédinger, LLC). 

Site-directed mutagenesis. The acrB gene was amplified from E. coli MG1655°’ 
genomic DNA using the Eco_acrB-F_Sall (5’-CGCGTCGACAGTCTTAACT 
TAAACAGGAGC-3’) and Eco_acrB-R_SphlI (5’-CGCGCATGCTCAATGGTG 
ATGGTGATGATGATCGACAGTATGGCT-3’) primers, which introduce SalI 
and SphI restriction sites on each end of the amplified fragment (underlined in the 
primer sequences above). This PCR product was cloned into the SalI and Sphl sites 
of the pBAD33 vector** to produce the pBADacrB plasmid. Point mutations were 
introduced using mutagenic primers to create the following codon replacements: 
$134A $135A (AGC-—GCG AGC—GCG), S79R T91R (TCC— CGC 
ACC-—>CGC), D681W (GAC-—TGG), F615A (TTC-—»>GCG), F610A 


(TTC—> GCG), F628A (TTC-»GCG), G614P G621P (GGC-—>CCG 
GGT-— CCG), G616P G619P (GGC-»CCG GGA-+CCG), 1L674W 
(CTG— TGG), S462K (TCT— AAA), Fe66W (TTT—TGG) and A677W 
(GCA— TGG). The constructed plasmids were sequenced using a 3100-Avant 
Genetic Analyser (Applied Biosystems) to ensure the presence of the desired 
mutation. The resulting mutant AcrB proteins have a polyhistidine tag on the 
carboxy terminus similarly to wild-type AcrB, and protein expression was measured 
using an anti-polyhistidine antibody. AcrB was expressed from a pBADacrB-derived 
plasmid in acrB-deficient MG1655°“" E. coli cells. ActB expression was limited to 
roughly endogeneous levels by adding the inducer arabinose (10 mM) during cell 
growth. 

Drug susceptibility tests for erythromycin. Single colonies of acrB-deficient 
E. coli strains that harboured pBADacrB-derived plasmids were inoculated 
into 2 ml of lysogeny broth. Cultures were grown overnight at 37 °C, and 2 X 10” 
cfu. pl of bacteria was inoculated into 200 pl of lysogeny broth containing 
erythromycin (32 jig ml‘) and 10 mM arabinose. Bacterial growth was measured 
using 96-well plates and a Versa Max microplate reader (Molecular Devices). 
Drug efflux assay. Cultures of E. coli that were grown overnight were diluted in 
lysogeny broth to achieve a cell density of 10’ cellsml~'. The cells were grown 
under aerobic conditions at 37°C in the presence of 10mM arabinose as an 
inducer until A¢o0 nm 0.3 was reached. The cells were then collected, washed twice 
with 100 mM potassium phosphate buffer (pH 7.5 and containing 5 mM MgSO,) 
and then resuspended in the same buffer until A¢oo nm 18 was reached. Each assay 
was performed in 96-well, flat-bottomed black plates (IWAKI) using a final cell 
volume of 100 il, and doxorubicin (Sigma-Aldrich) was added to a final concen- 
tration of 28.6 |tM. For the competition assays, 28.6 tM minocycline, erythromycin, 
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Intermediates in the transformation of phosphonates 


to phosphate by bacteria 


Siddhesh S. Kamat’, Howard J. Williams! & Frank M. Raushel! 


Phosphorus is an essential element for all known forms of life. In 
living systems, phosphorus is an integral component of nucleic 
acids, carbohydrates and phospholipids, where it is incorporated 
as a derivative of phosphate. However, most Gram-negative bac- 
teria have the capability to use phosphonates as a nutritional 
source of phosphorus under conditions of phosphate starvation’. 
In these organisms, methylphosphonate is converted to phosphate 
and methane. In a formal sense, this transformation is a hydrolytic 
cleavage of a carbon-phosphorus (C-P) bond, but a general 
enzymatic mechanism for the activation and conversion of alkyl- 
phosphonates to phosphate and an alkane has not been elucidated 
despite much effort for more than two decades. The actual mech- 
anism for C-P bond cleavage is likely to be a radical-based trans- 
formation’. In Escherichia coli, the catalytic machinery for the C-P 
lyase reaction has been localized to the phn gene cluster’. This 
operon consists of the 14 genes phnC, phnD, ..., phnP. Genetic 
and biochemical experiments have demonstrated that the genes 
phnG, phnH, ..., phnM encode proteins that are essential for the 
conversion of phosphonates to phosphate and that the proteins 
encoded by the other genes in the operon have auxiliary func- 
tions’**. There are no functional annotations for any of the seven 
proteins considered essential for C-P bond cleavage. Here we show 
that methylphosphonate reacts with MgATP to form o-D-ribose-1- 
methylphosphonate-5-triphosphate (RPnTP) and adenine. The 
triphosphate moiety of RPnTP is hydrolysed to pyrophosphate 
and g-D-ribose-1-methylphosphonate-5-phosphate (PRPn). The 
C-P bond of PRPn is subsequently cleaved in a radical-based reac- 
tion producing a-D-ribose-1,2-cyclic-phosphate-5-phosphate and 
methane in the presence of S-adenosyl-L-methionine. Substantial 
quantities of phosphonates are produced worldwide for industrial 
processes, detergents, herbicides and pharmaceuticals’°. Our elu- 
cidation of the chemical steps for the biodegradation of alkylphos- 
phonates shows how these compounds can be metabolized and 
recycled to phosphate. 

The bacterial C-P lyase gene cluster enables alkylphosphonates to 
be converted to phosphate (equation (1)). 
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We cloned the genes phnG, phnH, ..., phnM and expressed them in 
E. coli, and purified to homogeneity the resulting proteins. PhnI, PhnJ, 
PhnK and PhnL were purified as amino-terminal glutathione 
S-transferase (GST) fusion proteins. PhnG, PhnH and PhnM were 
purified without a GST tag. Previous experiments have hinted that a 
ribose intermediate exists in the esterification of phosphonate sub- 
strates before conversion to phosphate’®"’. Because PhnI showed a 
distant relationship to enzymes that are functionally annotated as 
nucleosidases’’, we incubated this protein with a small, focused library 
of potential ribose donors. The liberation of the free base was followed 
spectrophotometrically at 240-350 nm in the presence of coupling 
enzymes that are capable of detecting the formation of adenine”, 


guanine™, cytosine’* or xanthine’®. The best substrates for PhnI are 
GTP (keat/Km = 8.3 X10*M 's '; keg turnover number; K,, 
Michaelis constant) and ATP (kcat/Km = 1.3 X 10°M~'s7'). The pro- 
ducts are D-ribose-5-triphosphate (RTP) and the free base as shown 
for ATP in equation (2). The kinetic constants for the nucleosidase 
activity of PhnI with GTP and ATP are listed in Supplementary Table 
1. The structure of RTP was identified by *'P NMR spectroscopy and 
further confirmed by multidimensional NMR. 
t Ul 
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The formation of RTP from either ATP or GTP did not seem to bea 
productive pathway for the transformation of phosphonates to phos- 
phate. We therefore incubated phosphate and phosphonate derivatives 
with MgATP in the presence of PhnI to determine whether any of 
these compounds could displace adenine. RTP and adenine were the 
only products formed in the presence of either phosphate or phospho- 
nate derivatives. There were no changes in the reaction products when 
we used the GST-tagged PhnI in the presence or absence of factor Xa"’. 
Because it was previously postulated that the C-P lyase reaction may 
involve a multiprotein complex*"*, we added additional proteins to the 
reaction mixture. PhnG, PhnH, PhnK and PhnL were incubated 
together with PhnI, MgATP and methylphosphonate, but no new 
products were detected. Because Phnl, PhnK and PhnL were all pre- 
sent as GST fusion proteins, factor Xa was added to the reaction 
mixture for in situ cleavage of the GST tags. After addition of factor 
Xa, a new resonance was observed by *'P NMR spectroscopy at a 
chemical shift of 17.8 p.p.m. (Fig. la). The NMR spectra are consistent 
with the formation of RPnTP, shown in equation (3). 
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To determine whether all of the proteins are required for this trans- 
formation, we removed each protein individually from the reaction 
mixture. The only protein that could be removed without affecting 
the transformation was PhnK. Thus, Phnl, in the presence of PhnG, 
PhnH and PhnlL, is required to catalyse the nucleophilic attack of 
methylphosphonate on the anomeric carbon of MgATP to form 
adenine and RPnTP. The kinetic constants for the reaction of methyl- 
phosphonate with ATP (keat/Km = 3.5 X 10°M ‘s ')and GTP (keat/ 
Ky = 3.4 X 10°M ! s ) in the presence of PhnI, PhnG, PhnH and 


1Department of Chemistry, PO Box 30012, Texas A&M University, College Station, Texas 77843, USA. 


570 | NATURE | VOL 480 | 22/29 DECEMBER 2011 


©2011 Macmillan Publishers Limited. All rights reserved 


1-Pn 1,2-cP 


T T T 
20 15 10 5 
Chemical shift (p.p.m.) 
Figure 1 | *‘P NMR spectra of the reaction products catalysed by PhnI, 
PhnM and PhnJ. a, RPnTP from the reaction of methylphosphonate and 
MgATP catalysed by Phnl in the presence of PhnG, PhnH, and PhnL at pH 8.5. 
The methylphosphony group is labelled as 1-Pn. Inset, *'P-*'P coupling of the 
triphosphate portion of the RPnTP product (the «, § and y phosphoryl groups). 
b, The formation of PRPn from RPnTP in the presence of PhnM. Inset, proton- 
coupled spectrum at pH 8.5 showing the multiplet that corresponds to 1-Pn and 
the triplet that corresponds to the 5-phosphate (5P). P;, inorganic phosphate. 
c, The formation of PRcP from PRPn in the presence of PhnJ at pH 6.8. Inset, 
proton-coupled spectrum showing the formation of a new triplet that 
corresponds to the 1,2-cyclic moiety of PRcP (1,2-cP). The chemical shifts for 
the phosphate moiety at the fifth carbon atom of PRcP and PRPn are coincident 
with one another (3.4 p.p.m.). 


PhnL are presented in Supplementary Table 1. We note that these 
proteins begin to precipitate after removal of the GST tags and that 
the kinetic constants are therefore not definitive. No reaction was 
observed with the fusion proteins, and the GST tags must be removed 
in situ. The stoichiometries of the four proteins required for complex 
formation and the individual functions of PhnG, PhnH and PhnL are 
uncertain. 

Previous studies have suggested that PRPn is a potential intermedi- 
ate in the conversion of alkylphosphonates to phosphate by E. coli®’°”’. 


LETTER 


Hence, it was rational to assume that one of the proteins expressed 
by the phn operon would catalyse the hydrolysis of the B- and 
y-phosphoryl groups from RPnTP. PhnM is the prime candidate for 
this reaction because this protein is a member of the amidohydrolase 
superfamily, members of which are known to catalyse hydrolytic 
reactions at carbon and phosphorus centres’’. We incubated PhnM 
with RPnTP in the presence of MgCl, and ZnCl). The changes in the 
>'P NMR spectrum are shown in Fig. 1b. The NMR spectra are con- 
sistent with the formation of PRPn and pyrophosphate as the major 
products. D-ribose-5-diphosphate and RTP are also substrates for 
PhnM. When the hydrolysis reaction of RTP catalysed by PhnM 
was conducted in '*O-labelled water, the '*O was found exclusively 
in D-ribose-5-phosphate and not in pyrophosphate. Therefore, water 
attacks the «-phosphoryl group of RTP rather than the B-phosphoryl 
group. The reaction catalysed by PhnM with RPnTP is presented in 
equation (4). The kinetic constants for the hydrolysis of RPnTP, RTP 
and D-ribose-5-diphosphate by PhnM are provided in Supplementary 
Table 1. RPnTP (keat/Km = 1.1 X 10°M 's_!) was the best substrate 
for PhnM and the kinetic constants did not change for the hydrolysis 
of RPnTP when PhnG, PhnH, PhnI, PhnK, PhnL and factor Xa were 
added to the assay mixture. 


HO OH © 


The deletion of phnJ from E. coli led to the identification of «-p- 
ribose-1-methylphosphonate in the growth medium, and this led to 
the prediction that PRPn is the ultimate substrate for the C-P lyase 
reaction®. This conjecture is consistent with our results because we can 
synthesize PRPn from ATP and methylphosphonate by the combined 
actions of PhnI, PhnG, PhnH, PhnL and PhnM. Of the remaining two 
enzymes expressed by the phn operon, the protein most likely to 
catalyse the C-P bond cleavage is PhnJ. This enzyme has four con- 
served cysteine residues, with a spacing of CX,CX,,;CX;C (where X,, 
denotes a sequence of some n amino acids), that could form part of an 
iron-sulphur (Fe-S) cluster’*. The cleavage of PRPn to «-D-ribose-1,2- 
cyclic-phosphate-5-phosphate (PRcP) is assumed to involve a radical 
mechanism and such reactions can be catalysed by radical SAM 
enzymes. These enzymes use a [4Fe-4S] cluster and S-adenosyl-L- 
methionine (SAM) to catalyse radical reactions and/or rearrange- 
ments”. The radical SAM superfamily was originally thought to have 
a highly conserved CX;CX,C motif as a signature for harbouring the 
[4Fe-4S] cluster*’, but with the successful reconstitutions of ThiC', 
HmdA” and Dph2” a more diverse combination of conserved 
cysteine residues can function for the assembly of the [4Fe-4S] cluster. 
If PhnJ incorporates a [4Fe-4S] cluster, it is not clear which of the four 
cysteine residues are required. 

The as-purified GST-PhnJ fusion protein was blackish in colour. 
Inductively coupled plasma mass spectroscopy of this protein demon- 
strated the binding of 2.2 + 0.2 equiv. of iron per PhnJ monomer. The 
aerobically purified protein was made anaerobic in a glove box by 
bubbling argon through the protein solution and then allowed it to 
equilibrate for 4h. Reconstitution of the [4Fe—4S] cluster was initiated 
by the slow anaerobic addition of a 50-fold excess of FeSO, and Na,S. 
The protein with the reconstituted Fe-S cluster had a reddish- 
brown colour. The ultraviolet-visible absorption spectrum of PhnJ, 
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Figure 2 | Ultraviolet-visible absorbance spectrum of PhnJ (31 pM) after 
anaerobic reconstitution of the Fe-S cluster (solid line). The peak at 280 nm 
is due to the protein and the absorbance centred at 403 nm represents the [4Fe- 
4S]’* cluster. The dotted line represents the absorbance spectrum of PhnJ 
(27 1M) reconstituted with a [4Fe-4S]** cluster after reduction of the cluster 
with sodium dithionite to the [4Fe-4S]* form. 


reconstituted with iron and sulphide, had a broad absorption band 
centred at 403 nm that is indicative of a [4Fe-4S]?* cluster”? (Fig. 2). 
The absorption band disappears on addition of 1mM dithionite 
(Fig. 2), suggesting the reduction of the [4Fe-4S]** cluster to the 
[4Fe-4S]* species, which is the active form for most radical SAM 
enzymes”, 

There are two compounds that are potential substrates for cleavage 
by PhnJ of the C-P phosphonate bond: PRPn and RPnTP. Both of 
these compounds were incubated with 125 uM PhnJ with a [4Fe-4S] 
cluster, 2mM SAM and 1 mM dithionite, anaerobically, at pH 6.8. We 
analysed the reactions by *'P NMR spectroscopy but observed no 
change in the NMR spectrum for either substrate. When the reaction 
was supplemented with factor Xa, no change in the *'P NMR spectrum 
with RPnTP was observed, but a new resonance appeared at 
16.2 p.p.m. when PRPn was used as a substrate (Fig. 1c). The increase 
in the resonance at 16.2 p.p.m. correlated with a decrease in the 
phosphonate resonance of PRPn at 16.6p.p.m. The new resonance 
splits into a triplet in the 'H-coupled *'P spectrum (Fig. Ic, inset), 
demonstrating that the product is no longer a methylphosphonate. 
The new resonance is consistent with a cyclic phosphate, and the 
proton coupling constant of 21 Hz indicates that the phosphate moiety 
of the product is esterified to the hydroxyl groups attached to the first 


and second carbons atoms of the ribose. Thus, PhnJ requires a reduced 
[4Fe-4S] cluster and SAM to catalyse the formation of PRcP from 
PRPn. The overall reaction is illustrated in equation (5). There was 
no reaction in the absence of added SAM. 
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We used gas chromatography and mass spectrometry to confirm 
the formation of methane. The [4Fe—4S]-cluster-reconstituted PhnJ 
was incubated with 2mM SAM, 1mM dithionite, 5mM PRPn and 
factor Xa in a sealed tube for 5h. Gas chromatographic analysis of the 
headspace above the liquid showed a single peak that co-eluted with a 
methane standard (Supplementary Fig. 2). The formation of methane 
was confirmed by coupling the output of the gas chromatography to a 
mass spectrometer and detection of a molar mass of 16gmol * 
(approximately that of methane). Thus, the two products that form 
from the action of PhnJ on PRPn are methane and PRcP. We were 
unable to detect the formation of methanol or formaldehyde in the 
reaction mixture. 

The addition of SAM, dithionite, PhnJ and factor Xa were required 
for the formation of PRcP and methane from the [4Fe—4S]** -cluster- 
reconstituted PhnJ. To determine the fate of SAM during the reaction, 
we used high-performance liquid chromatography and amino- 
acid analysis. Liquid chromatography showed the formation of 5’- 
deoxyadenosine, and amino-acid analysis confirmed the formation 
of methionine. These products were formed only when PhnJ (with a 
reconstituted Fe-S cluster), factor Xa, SAM, dithionite and PRPn were 
added to the reaction mixture. The omission of any one of the above 
components resulted in no formation of 5'-deoxyadenosine (Sup- 
plementary Fig. 3). The concentration of PRcP and methane formed 
in the presence of reconstituted PhnJ and SAM showed that one to four 
turnovers of product were formed per PhnJ monomer. The small 
number of turnovers per enzyme may reflect the poor solubility of 
PhnJ after proteolytic cleavage of the N-terminal GST fusion tag and 
the instability of the [4Fe-4S] cluster. A working model for the con- 
version of PRPn to PRcP by PhnJ is presented in Fig. 3. 

The reaction intermediates for the conversion of alkylphosphonates 
to phosphate in E. coli have now been identified. Phnl, in the presence 
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Figure 3 | Working model for the transformation of PRPn to PRcP. The 
cleavage of the C-P bond in PRPn by PhnJ reconstituted with a [4Fe-4S]'* 
cluster and SAM is probably initiated by electron transfer from the Fe-S cluster 
to reductively cleave SAM and thus transiently generate L-methionine (L-met) 
and a 5'-deoxyadenosyl radical (Ado- C H3). This radical may subsequently 
catalyse the formation of a protein radical (PhnJ-X*), presumably a cysteine- 
based thiyl radical. Thiyl radicals have previously been demonstrated in 
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pyruvate formate lyase**** and methyl coenzyme M reductase”. The thiyl 
radical may attack the phosphonate moiety of the substrate to liberate a methyl 
radical with formation of a thioester intermediate. Intramolecular attack by the 
hydroxyl of the second carbon atom of the substrate would generate PRcP and 
the free thiol group. Methane would be formed through hydrogen atom 
abstraction from either 5-deoxyadenosine or the putative cysteine residue. 
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of PhnG, PhnH and PhnL, catalyses the formation of RPnTP from 
MgATP and methylphosphonate. PhnM catalyses the hydrolysis of 
RPnTP to pyrophosphate and PRPn. PhnJ can be reconstituted 
anaerobically with an Fe-S cluster using ferrous sulphate, sodium 
sulphide and sodium dithionite. The reconstituted PhnJ catalyses the 
SAM-dependent radical cleavage of the C-P bond of PRPn to form 
PRcP and methane. The transformations catalysed by the C-P lyase 
system in E. coli are summarized in Fig. 4. 


METHODS SUMMARY 


Protein expression and purification. All vectors bearing the appropriate genes 
were transformed in BL21 DE3 cells and inoculated into lysogeny broth medium. 
Cells were grown at 37°C to an absorbance of Agoonm 0.4, after which the tem- 
perature was reduced to 18 °C. At A¢oo nm 0.6, the cells were induced with 0.5 mM 
isopropyl-B-p-thiogalactoside. Cells were grown for 18-20h after induction. 
Overexpression was confirmed by SDS-polyacrylamide gel electrophoresis. 
Detailed descriptions of the protein purification protocols are presented in 
Supplementary Information. All GST-tagged proteins (PhnI, PhnJ, PhnK and 
PhnL) were purified on a GSTrap column (GE Healthcare; 5 ml) and all poly- 
His tag proteins (PhnG and PhnH) were purified on a HisTrap column (GE 
Healthcare; 5 ml) following the manufacturer’s instructions. PhnM was purified 
using gel filtration with a High Load Superdex 200 26/60 prep grade column 
followed by anion exchange chromatography (ResourceQ; 6 ml). The chemical 
reconstitution of PhnJ is explained in detail in Supplementary Information. 
Purification of reaction products and NMR spectroscopy. All reactions were 
filtered by centrifugation through a 10- or 30-kDa membrane (VWR Chemicals) 
to separate the enzymes from the reaction mixture. The filtrate (0.5 ml) was loaded 
onto a 1-ml ResourceQ column and eluted with 0.1-1 M ammonium bicarbonate 
over 20 ml using an AKTA Purifier 10 high-performance liquid chromatograph. 
The peak fractions were collected and vacuum dried at 4°C. The products were 
analysed by 'H, °C and *!'P NMR. The samples for 31P NMR (D,0, 85% H3PO.4 
corresponds to 6 = 0.00) were made in 50 mM HEPES, 10% D,O, pH 8.5-8.8 (or 
pH 6.8 for PhnJ) and analysed with a Varian Unity Inova 500 MHz NMR spectro- 
meter or a Bruker Avance III 400 MHz NMR spectrometer. 'H and ‘°C NMR 
spectra were acquired on a Bruker Avance III 500 MHz NMR spectrometer 
equipped with an HCN cryoprobe. 
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Jean Rossier (left), Barbara Demeneix (centre) and Moshe Yaniv (right) inspire passion and hard work in their lab members, students and postdocs. 


Conscientious counsellors 


Nature’s mentoring awards honour three scientists in France. 


BY DECLAN BUTLER 


from a rigid hierarchical and sometimes 

patriarchal lab structure, in which pow- 
erful lab bosses have often hindered the auton- 
omy of younger lab members. But some say 
that this is changing. Many leading scientists 
in France work tirelessly to help their younger 
colleagues to spread their own wings, and the 
public funding that is increasingly available 
to young scientists helps them to establish 
independent careers. 

To celebrate progressive mentors and the 
examples they set, this year’s Nature Awards for 
Mentoring in Science honour three researchers 
in France. The €10,000 (US$13,200) lifetime- 
achievement award was shared between Moshe 
Yaniv, a molecular biologist and emeritus pro- 
fessor at the Pasteur Institute in Paris, and Jean 
Rossier, a neurobiologist at the City of Paris 
Industrial Physics and Chemistry Higher Edu- 
cation Institution. The €10,000 mid-career 
award went to Barbara Demeneix, a molecular 
developmental endocrinologist at the National 
Museum of Natural History in Paris. Winners 
received the awards at a ceremony at the British 
Council in Paris on 12 December. (The author 
of this article was one of the five awards judges.) 


f rench research has traditionally suffered 


As in previous years, candidates were 
nominated by their protégés; past students 
and postdocs emphasized how their mentors 
shaped their careers and nurtured their scien- 
tific skills. Fatima Mechta-Grigoriou, who now 
runs a stress and cancer laboratory at the Curie 
Institute in Paris, says of her former mentor, 
Yaniv: “He deeply influenced me, without me 
being conscious of this at that time, the way I 
currently drive my research laboratory and my 
own students and postdocs.” 

The mentors were lauded for their conta- 
gious passion and enthusiasm for science, and 
their hard work, rigour and fairness in sharing 
credit. Many protégés have sought to repro- 
duce their mentors’ behaviour, creating labs 
that are scientifically challenging and stimu- 
lating but also humane and nurturing — and 
giving their lab members enough autonomy to 
prepare them to run their own labs. 


WORK TO LIVE 

“For me,” says Rossier, “the most important 
quality ofa mentor is to be enthusiastic about 
the proposals and ideas of young investigators. 
Critiques should come later. First you should say 
‘do it’ and then see if the new observation is real, 
reproducible and of interest.” He strives to fos- 
ter research projects aimed at “breakthroughs’, 


rather than focusing on incremental develop- 
ments within established concepts. 

For the award winners, doing excellent sci- 
ence need not come at the expense of having a 
personal life. All three are demanding bosses, 
and lab hours are often long, but they eschew 
the notion of a 24/7 lab (see Nature 477, 20-22; 
2011 and J. Overbaugh Nature 477, 27-28; 
2011). Catherine Chanfreau-Coffinier, a cardi- 
ology researcher at the University of California, 
Los Angeles (UCLA), and a former graduate 
student with Yaniv, marvelled at how he and 
his wife, also a scientist, found time for family. 
“It has been very inspiring for me as a young 
scientist and a mother of two,’ she says. Saman- 
tha Richardson, a biochemist at the RMIT Uni- 
versity in Melbourne, Australia, and a former 
researcher in Demeneix’s lab, tells how her men- 
tor, who has two children, advised her on how to 
juggle her career with “the conflicting and com- 
peting time constraints ofa research career and 
small children, which can be stressful and often 
exasperating”. Demeneix, the first-ever female 
chaired professor at the Paris museum, also 
prides herself on demonstrating how to “carry 
out research while accepting senior administra- 
tive responsibilities”. 

The winners often paid particular attention to 
foreign students’ difficulties, from visa issues > 
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> to lodgings; and they recognized proté- 
gés needs. Yaniv can be tough but he “never 
forgets that the people doing the experi- 
ments are people, with human sensitivities 
and concerns’, says Jonathan Weitzman, an 
epigenetics researcher at Paris Diderot Uni- 
versity and a former postdoc with Yaniv. 
The mentoring did not end when pro- 
tégés left the lab. Carlos Cepeda, a UCLA 
neurophysiologist and a former postdoc 
with Rossier, says Rossier still influences 
him after 30 years, offering “scientific or 
even personal advice” whenever he reaches 
out. Pauliina Damdimopoulou, now an 
endocrinologist at the Karolinska Institute 
in Stockholm, says that Demeneix continues 
to mentor her and “gives [her] opinions and 
advice without force-feeding solutions”. 


RESEARCH FREEDOM 

Many former students say that their men- 
tors gave them extreme freedom, encour- 
aged ownership of projects and avoided 
micromanagement — while still under- 
standing every detail of their work. “I tried 
to step back in order to let them interpret 
their own data, come up with conclusions 
and put forward further hypotheses,” says 
Yaniv. “I endorsed their own initiatives and 
even let them embark in a wrong direction 
for a short while just to teach them how to 
be critical and analytical.” Demeneix pays 
attention to major stumbling blocks such as 
unexpected experimental results, or times 
when nothing seems to work. “It is at these 
moments,’ she says, “that one needs to show 
maximum confidence in the student, teach 
them how to ‘troubleshoot’ experiments ... 
and to identify points in experiments where 
errors can occur” 

The winning mentors all had multi- 
disciplinary labs, in which managing lev- 
els of freedom among team members can 
be a particular challenge. Rossier notes 
that because no one neuroscientist can 
master all the field’s techniques, lab mem- 
bers with different backgrounds have to 
work together. The challenge for the lab 
head, he says, is to “find the right balance 
between the singularity of each individual 
and the common goal of the group”. Yaniv 
says that he tried to “create a lab space and 
atmosphere that increased the interaction 
between lab members”. 

To help graduate students and postdocs 
to acquire mentoring skills themselves, 
Yaniv gets them to co-supervise and men- 
tor master’s or first-year PhD students, and 
interns. “One becomes much more respon- 
sible and socially interactive, less selfish and 
more tolerant to others’ scientific weak- 
nesses, says Weitzman, “when one has 
some responsibilities toward others.” = 


Declan Butler is a senior reporter at 
Nature, based in France. 
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Testing the waters 


Postdoc committees can give insight into industry career 
paths, argue Christopher Tsang and Michael Fisher. 


raduates are often faced with a 
eC stay in academia or seek a job 

in industry? One of us (C. T.) met this 
conundrum after he earned his biochemistry 
PhD in 2007. With little knowledge of the bio- 
technology industry, he opted for more train- 
ing, taking a postdoc position at the University 
of California, Berkeley. If the postdoc did not 
work out, he thought, he could investigate com- 
panies. Even so, he had difficulty learning what 
working in industry would be like. 

Many graduates and postdocs know surpris- 
ingly little about what an industry job entails. 
So we developed a mechanism that helps post- 
docs at Berkeley — and could help others. 

It is called the Postdoc Industry Exploration 
Program (PIEP; see Nature 478, 277; 2011), 
and is run by the Berkeley Postdoctoral Asso- 
ciation. Influenced by an industry-exploration 
programme that enrolled 37 science postdocs at 
Massachusetts General Hospital in Boston (see 
Nature Biotechnol. 28, 625-626; 2010), PIEP was 
first launched in January 2011. It organizes visits 
to biotechnology companies to showcase their 
organization, research and work atmospheres, 
and allows postdocs to network with employees 
and recruiters to gain useful contacts and a feel 
for company culture. Postdocs are inspired by 
employees who have made the transition from 
academia, and get to see team-oriented environ- 
ments and cross-departmental collaborations. 
Companies gain access to a highly qualified 
pool of potential recruits. 

PIEP workshops train postdocs in creating a 
professional image and conducting informative 
interviews with contacts — particularly useful 
for international postdocs unfamiliar with US 
business customs. Postdocs also learn how to 
market themselves, on paper and in person. 
Seminars provide information about career 
opportunities and US work-visa requirements. 

The PIEP committee surveyed 55 postdocs 
who participated in site visits in the first year of 
the scheme. Only 42% were very interested in 
industry before the visits, but that rose to 73% 
afterwards. This success led Berkeley’s vice- 
chancellor for research, who had funded PIEP’s 
pilot year, to commit another year of support, 
including funding for a programme manager. 

Postdocs who want to start a similar pro- 
gramme need only a few motivated colleagues 
and contacts at companies and within the 
university. The Berkeley PIEP committee is 
made up of four postdocs, who each volunteer 
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two hours of their time per week; each com- 
mittee member organizes a site visit with a 
company’s human-resources department and 
staff scientists. We have had to work closely 
together, offer support, exchange ideas and 
share responsibilities, while accommodating 
each other’s heavy research schedules. 

Some universities may not have the infra- 
structure to support or sustain industry- 
exploration programmes, but this is not an 
insurmountable obstacle. Postdocs can create 
such programmes by partnering with schemes 
that already receive university support. For 
example, Berkeley’s department of molecular 
and cell biology sponsors a course that brings 
in doctoral-degree holders to discuss how they 
moved into a non-academic career. Although 
this course is aimed at graduate students, it is 
available to postdocs, and could be part of an 
industry-exploration programme. Postdocs at 
neighbouring institutions could also coordinate 
and pool resources to cover expenses for site 
visits. Instead of hiring a full-time programme 
manager, universities could offer stipends to 
postdocs willing to help out. Interested postdocs 
will probably still have to donate their time until 
their university provides financial support. 

Postdocs want to make an informed choice 
between career paths. In our view, the keys to 
helping them are motivation and institutional 
support. Initiatives such as PIEP can benefit 
career-conscious postdocs struggling to sort 
out their next move in a tough economy. = 


Christopher Tsang and Michael Fisher 
are postdocs at the University of California, 
Berkeley, and co-founders of the Postdoc 
Industry Exploration Program. 
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hen the topic of traditional Asian medicine was first 
We oted, we were sceptical. To a magazine based 
in Europe and steeped in the history of science, 
there is much about traditional Asian medical practice that 
seems mystical and pseudoscientific. Other than well known 
success stories — artemisinin for malaria, and arsenic trioxide 
for leukaemia — there seemed to be a lack of scientifically 
proven remedies. 

Yet a bit of probing revealed what a complex story this is. Not 
only are big efforts underway to modernize traditional medicine 
in China and Japan, but Western medicine is adopting some 
aspects of the Eastern point of view too. In particular, modern 
medical practitioners are coming around to the idea that certain 
illnesses cannot be reduced to one isolatable, treatable cause. 
Rather, a fall from good health often involves many small, subtle 
effects that create a system-wide imbalance. 

But do traditional medicines actually work? Their 
personalized nature makes randomized controlled trials — the 
gold standard for testing drugs — extremely difficult. Rarely 
are two formulations identical. However, as modern medicine 
becomes more personalized, using biological and genetic 
markers, it is inadvertently developing the tools to better test 
traditional medicines. 

Although artemisinin and arsenic trioxide are the archetypal 
examples of successful modern medicines mined from 
traditional Asian medicine, they do not represent the ideal 
convergence of the two systems. There are unique aspects to 
traditional Asian medicine that could hold great promise if 
they are artfully investigated. The goal of science should be to 
rigourously test each claim and sort the medical wheat from the 
pseudoscientific chaff. 

We acknowledge the financial support of Saishunkan 
Pharmaceutical Co., ltd and Kitasato University Oriental 
Medicine Research Center in producing this Outlook. As always, 
Nature takes full responsibility for all editorial content. 


Michelle Grayson 
Associate Editor, Nature Outlooks. 
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Made in China 


Although modern medicine is established in Asia, traditional medicine also plays a big 
role in people’s healthcare — and is gaining in popularity in other countries too. 


BY FELIX CHEUNG 


r | “raditional medicine — a system of ancient 
medical practice that differs in substance, 
methodology and philosophy to modern 

medicine — plays an important role in health 
maintenance for the peoples of Asia, and is 
becoming more frequently used in countries 
in the West. Despite their growing popularity, 
there are misunderstandings about what these 
traditional medicines comprise and the stand- 
ards they conform to. Here we aim to clear up 
some of the common misconceptions. 

Within Asia, traditional Chinese medicine 
(TCM) is the system with the longest history. 
TCM was developed through thousands of 
years of empirical testing and refinement. It 
was the only medical practice in China before 
the early nineteenth century, when English mis- 
sionaries arrived, bringing with them the drugs, 
devices and practices of modern medicine. 

Outside China, in other Asian countries 
including Japan, South Korea, Malaysia and 
Vietnam, traditional medicine has formed its 
own distinct culture. In Japan, the traditional 


ANCIENT CHINA 


The system of traditional Chinese medicine has developed 
over thousands of years and features many classic texts that 


are still read today. 


Huangdi’s Internal Classic, 
one of the earliest 
collections of TCM, was 
probably completed 


during the Warring States 
period. It is still regarded 
as a must-read for all 
TCM students and 
practitioners. 


The Yellow Emporer, 
Huangdi, is shown presenting 
books containing medical 
knowledge to Lei Gong, the 
Thunder Duke (right). 


WARRING STATES 


900 BC 


250 BC 


medicine is commonly called Kampo. In these 
countries, different traditional medicines 
might use different prescriptions or methods of 
diagnosis, but the underlying philosophy and 
principles are similar because they all originate 
in China. 

TCM encompasses a wide range of practices, 
including some that are familiar to the West, such 
as herbal medicine and acupuncture, plus others 
that remain peculiar to most Westerners, such as 
cupping (heated cup therapy), tuina (massage), 
qigong (movement and breathing exercises) and 
moxibustion (burnt mugwort therapy). Investi- 
gating whether these therapies have underlying 
mechanisms of action is now a central task in 
TCM research. This Nature Outlook will focus 
mainly on herbal medicines, which are the most 
comparable to modern pharmaceuticals. 


TCM TREATMENT 

A visit to a TCM practitioner involves four 
examinations. First, the patient’s skin com- 
plexion, physique and tongue condition are 
inspected. The TCM doctor then listens to the 
patient's voice to see if there are any breathing 


Two important 
books were 
written in the 
Han dynasty: 
Shennong’s 
Classic of Materia 
Medica, — the 
first book to 
cover medicinal 
herbs, minerals 
and animal 
parts in the first 
century AD, 
and Zhang 
Zhongjing's 
Treatise on Cold 
Damage and 
Miscellaneous 
Diseases in 

200 AD. 


0 290 AD 
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problems, cough or phlegm, and sniffs to detect 
any body odours that might indicate ill health. 

Next, the practitioner questions how the 
patient feels overall: if they are hot or cold; 
whether they are sweating; how their stools 
look; if the patient is thirsty, and so forth. 
Finally, the TCM practitioner palpates the 
patient’s wrist to feel the quality of the pulse 
and so assess overall health. 

It is the pattern of all these signs and symp- 
toms that determines the diagnosis, and the 
practitioner would then prescribe a treatment 
regimen consisting of any or all of the above- 
mentioned therapies to resolve the problem. 
Within TCM, the healthy human body is viewed 
as an entity in equilibrium — the ultimate goal 
of treatment is to restore the qi (energy) and yin- 
yang (balance) of this complex system. Although 
the concept might seem strange to Western per- 
ceptions, many TCM practitioners draw a paral- 
lel with the well-understood scientific concepts 
of metabolism (roughly equivalent to energy), 
and immunity and homeostasis (balance) (see 
‘All systems go, page S87’). 

Most people who visit a TCM practitioner 


Clockwise from 
top left: Wang 
Shuhe and an 
excerpt from his 
Pulse Classic; 
Shennong Yandi 
(Red Emperor); 
Huangtu Mi. 


In the Jin 
dynasty, 
Huangtu Mi 
compiled The 
A-B Classic of 
Acupuncture 
and Moxibustion 
(259 AD) and 
Wang Shuhe 
compiled the 
Pulse Classic 
(300 AD). 
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000 


do so because they are feeling unwell. However, 
others visit a TCM practitioner while perfectly 
healthy. The reason is that TCM stresses the 
importance of preventive treatment — that is, 
its practitioners claim to determine a patient's 
state of gi and, ifit is thought to be weak, attempt 
to strengthen it before a problem surfaces. 


TCM PREVALENCE 

Millions of patients around the world use 
TCM ora related practice. In Hong Kong and 
mainland China, approximately 60% of the 
population has consulted traditional medicine 
practitioners at least once. According to the lat- 
est national survey data, anywhere from 60% to 
75% of the populations of Taiwan, Japan, South 
Korea and Singapore use traditional medicine 
at least once a year. 

Elsewhere around the world, the use of TCM 
is also common. The United States is the biggest 
importer of TCM products from China, having 
spent US$7.6 billion in 2010. According to the 
Centers for Disease Control and Prevention in 
Atlanta, Georgia, four out of ten US adults use 
complementary and alternative medicine (CAM) 
ina given year. The CAM category includes TCM 
and other herbal medicines, as well as non-tradi- 
tional medicines such as homeopathy — so using 
CAMasa proxy for TCM might overestimate its 
use, but it does indicate a general willingness to 
seek alternative forms of therapy. 

Europe, too, is experiencing a growth in the 
use of TCM. In 2010, exports of TCM products 
from China to European countries amounted 
to nearly US$2 billion, and that figure is rising 
at 10% per year. National surveys have found 


In 1578, Li Shizhen 
compiled The 
Compendium of 
Materia Medica, the 
most comprehensive 
documentation of 
the use of medicinal 
herbs, minerals and 
animal parts. 


During the 
peaceful Tang 
Dynasty, TCM 
spread to other 
countries and 
continued to 
evolve. In 659, 
the Chinese 
government 
issued the 
Newly Revised 
Materia Medica, 
officially 
replacing 
Shennong's 
Classic. 


Two pages from 
Li Shizhen's TCM 
encyclopaedia. 
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that, in the United Kingdom, approximately one 
in ten people had used CAM in the past year, 
whereas in Switzerland and the Scandinavian 
countries, the equivalent figures were between 
three and five out of ten. 

Australia has even higher figures: a national 
survey found that two-thirds of the population 
had used CAM in the past year and, at 69 mil- 
lion, the number of visits by Australian adults to 
CAM practitioners was almost identical to the 
number of visits made to medical doctors. 


PROSPECTS OF TCM RESEARCH 

Modern medicine often clashes with traditional 

medicine such as TCM because of the inher- 

ent difficulties both sides have of appreciating 

the others’ principles and concepts. In an effort 

to promote integration of traditional medicine 
with modern medi- 
cine, the World Health 


Investigating Organization (WHO) 
whether these endorsed an inter- 
therapies have national agreement 
underlying drawn up in Beijing 
mechanisms in November 2008 
of action is to support the safe 
now a central and effective use of 
taskin TCM traditional medicine 
research. within the modern 


healthcare systems of 
member states. 
Countries are pursuing this type of integra- 
tion in various ways. For instance, between 2006 
and 2010, Malaysia opened 12 hospitals that 
practice both modern and traditional medi- 
cine. In addition, the WHO has established 25 


(below) arrive in 1807, 
bringing Western 
doctors and medical 
knowledge. The rise of 
Western medicine 
accelerated after the 
Opium Wars in 
1839-1842 and 
1856-1860 (left). 


The Qing dynasty 
collapsed in 1911 
and the Republic of 
China was founded. 
Foreign powers had 
a big influence in 
China, and favoured 
a Western school of 
thought over TCM. 
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Protestant missionaries 


collaborating centres for traditional medicine: 
7 in China, 5 in Africa, 3 in Europe, 2 in each of 
Japan, South Korea, India and the United States, 
and 1 in both North Korea and Vietnam. These 
centres aim to encourage research into tradi- 
tional medicine, provide professional advice to 
support the development of WHO guidelines 
and, if necessary, provide training. 

Pharmaceutical companies are also taking an 
active interest in TCM research. For instance, 
London-based GlaxoSmithKline has established 
a research and development base in Shanghai, 
China, and is actively seeking to expand its 
operations in traditional medicine. Most of 
these companies are hoping to find the next 
‘miracle’ drug like artemisinin, an antimalarial 
drug extracted from the medicinal plant sweet 
wormwood, which has saved millions of lives. 

Ensuring the safety, efficacy and quality 
of TCM requires a great deal of research and 
development. Investment from the central Chi- 
nese government is substantial. The total fund- 
ing allocated to TCM research was 4.9 billion 
yuan (US$770.5 million) in 2010 — more than 
quadruple its 2001 level. In 2010, according to 
the State Administration of Traditional Chi- 
nese Medicine, 6,093 Chinese scientists were 
employed in TCM research — a 53% increase 
since 2001. 

As of May 2011, China has signed 91 TCM 
partnership agreements with more than 70 
countries, which aim to promote greater 
recognition of TCM around the world. m 


Felix Cheung is editor of Nature China in 
Hong Kong. 


MODERN CHINA 


In 1967, Mao Zedong initiated 
Project 523 that led to the 
development of artemisinin to 
combat malaria, which 


reinvigorated TCM 
development. In 2003, when 
severe acute respiratory 
syndrome (SARS) hit China, 
TCM was used to fend off SARS, 
giving further encouragement. 


Below: A patient receives 
moxibustion in modern-day China. 
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Where West 
meets East 


The concepts of Asia’s traditional medicines might sound 
alien to Western ears, but some of them are starting to 
evolve to fit scientific investigation. 


BY PENG TIAN 
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tems of medicine have been used in Asia to 

cure diseases and keep people healthy. The 
local Asian one is based on traditional Chinese 
medicine (TCM) — herbal mixtures developed 
though observation and experience accumu- 
lated over thousands of years, but with unknown 
mechanisms of action. On the other hand, mod- 
ern medicine, imported from the West, consists 
of chemically purified compounds that have 
been discovered through scientific investiga- 
tion and tested in controlled clinical trials. They 
differ in the composition of their medicines, the 
process of diagnosis, methods of proving a treat- 
ments effectiveness, and even in their concept of 
‘health’ (see ‘Made in China, page S82). 

Are these differences irreconcilable? Or, if 
TCM is modernized to the point where it can 
make scientifically valid claims, might it offer 
new perspectives that can benefit modern 
medicine — including clues on how to tackle 
the least tractable diseases and conditions? And 
likewise, can new perspectives being advanced 
in the West, such as systems biology, help laya 
scientific foundation for TCM? 


Fe: around 200 years, two very different sys- 


SPIRITUALITY IN MEDICINE 

Although modern medicine has its roots in 
herbalism and in ancient Greek traditions that 
share many similarities with TCM, the practice 
of medicine was transformed by the Enlighten- 
ment and the consequent revolution in science 
and technology. Since the late eighteenth cen- 
tury, Western-style medicine has incorporated 
knowledge of anatomy, physiology, chemistry 
and biology, and its methods are evidence-based. 
TCM, although it is starting to take on these 
attributes, still relies heavily on ancient records 
and traditional practices. 

TCM includes many tenets derived from 
Taoism, Confucianism and ancient Indian phi- 
losophies that describe the natural world, life 
and the human body. Concepts include yin and 
yang, which represent opposing yet complemen- 
tary essences of nature; wuxing, which covers 
the five basic elements of the universe (wood, 
fire, earth, metal and water); gi or energy; and 
xue, the blood. This terminology purports to 
be concerned with disease and human health, 
but cannot be defined in terms of biochemical 
or biological facts — or indeed measured. And 
even the literal translation of these tenets into 
other languages is misleading. 

The modern medical and scientific communi- 
ties in China and elsewhere are highly critical of 
such mystical concepts, which are consequently 
becoming marginalized in China. “The medical 
practice of TCM is a process of trial and error, 
and concerns the understanding and control of 
herbs from the Chinese Materia Medica; says 
Dagqing Zhang, director of the Center for History 
of Medicine at Peking University in Beijing. “The 
philosophical theories were created afterwards 
to provide the explanatory framework for the 
practices, and are used to win the patients’ trust.” 

But thousands of years ofhistory is along time 


GRACIA LAM 


to cement a belief, and the theories of TCM still 
have their firm defenders, such as Boli Zhang, 
president of the China Academy of Chinese 
Medical Sciences (CACMS) in Beijing. “We 
believe in the jing luo [the meridian or energy 
pathways], but we have not found it yet,’ he says. 
Nevertheless, even in the TCM community, 
there are fewer Chinese scholars who believe the 
TCM tenets literally. Indeed, there has been criti- 
cism from academics and the media in China, 
arguing that much of TCM and most of its theo- 
ries are pseudoscience and that China should 
bid “farewell to traditional Chinese medicine”’. 

Despite these negative sentiments, the Chi- 
nese government has started to promote TCM 
by allocating large funds for research (see ‘One 
step at a time} page $90). Influential figures in the 
TCM community, such as Boli Zhang and his 
deputy Baoyan Liu at CACMS, are pushing for 
the modernization of TCM while also emphasiz- 
ing its unique qualities. These advocates insist 
that the traditional TCM practices should be 
preserved for as long as possible to better inves- 
tigate their heritage. “The advantages and dis- 
advantages of the two systems are the premise 
of the integration,” says Liu. 


CLOSING THE GAPS 
One practice in TCM that is adapting to science 
is diagnosis. Each patient receives a personal 
diagnosis based on a TCM syndrome or zheng, 
which is a characteristic phenotype of identifi- 
able manifestations gleaned from general appear- 
ance, listening to and smelling the patient, feeling 
the pulse and asking questions. TCM diagnosis 
includes many symptoms considered less impor- 
tant in modern medicine, such as thirst, the 
tongue’s condition, whether the limbs feel cold, 
and mood. In contrast, modern disease diag- 
nosis is based primarily on clinical signs such as 
temperature and blood pressure, pathological 
examination of individual organ functions and 
biochemical analysis of blood or urine. 
“Chinese herbal medicine identifies and treats 
syndromes rather than diagnosed diseases,’ 
explains Aiping Lu, director of the Institute of 
Basic Research in Clinical Medicine at CACMS. 
TCM syndromesare a finer level of classification 
than disease groupings in modern medicine. 
Lu’ group is collaborating with several West- 
ern research institutes on rheumatoid arthritis. 
In one study, his team used 18 different clini- 
cal TCM signs to classify rheumatoid arthritis 
patients into four subgroups, corresponding to 
presence of joint symptoms (tenderness, swell- 
ing and stiffness), cold pattern (joints and limbs 
feel cold to the touch, and patient is intolerant 
of cold), deficiency pattern (including weakness, 
dizziness, fatigue and nocturia) and hot pattern 
(including joints that feel hot, vexation, fever and 
thirst). Then all patients were randomized to 
receive either modern medicine or a TCM treat- 
ment. Each TCM-defined sub-group responded 
differently to treatment. “The results show TCM 
syndromes improved the efficacy of both TCM 
and modern medicine interventions,” says Lu. 


Notably, patients with cold-pattern symptoms 
responded better to modern medicine, whereas 
those classified with a deficiency pattern ben- 
efited most froma TCM intervention’. The next 
step is to analyse the patients’ metabolites to look 
for underlying biochemical differences between 
the different TCM syndromes, to see if there is a 
link between TCM diagnoses and modern medi- 
cal definitions (see ‘All systems go, page S87). 
The composition of TCM medications is at 
odds with modern medicine too. TCM uses 
compound formulae (fufang) that contain sev- 
eral herbs thought to act in unison to restore 
what TCM practitioners call the patient’s ‘bal- 
ance’ “It is an advantage of TCM that multiple 
drug components can 


“Could Western _ strengthen the thera- 
treatments peutic efficacy and 
of chronic attenuate the toxicity 
diseases be of major component(s) 
improved by through drug-drug 
insights from interaction in vivo, 
TCM?” says Wei Jia, co-direc- 


tor of the Center for 
Research Excellence 
in Bioactive Food Components at the University 
of North Carolina at Greensboro. 

Another advantage of a formula that acts on 
several fronts is that each ingredient does not 
have to be so potent. “If we use medium-active 
ingredients, which comprise the majority of com- 
pounds in nature, we have more potential drug 
candidates, achieve weaker side effects and have 
lower R&D costs,’ says Zhimin Wang, a chemist 
at CACMS Institute of Chinese Materia Medica. 

TCM practitioners formulate their herbal 
remedies according to a set of principles (peiwu), 
which organize ingredients in any fufang into 
four functional roles: sovereign, minister, assis- 
tant and envoy. The sovereign is the ingredient 
with major pharmacological activity. The min- 
isters provide additive or synergistic activities. 
Assistants can either augment the pharmaco- 
logical effect, detoxify or even counteract an 
excessively strong action. Envoys harmonize the 
whole recipe to ensure that all the substances in 
the fufang are compatible. 

There is early evidence supporting the peiwu 
principles. A team led by molecular biologists 
Zhu Chen and Saijuan Chen at Jiao Tong Uni- 
versity in Shanghai analysed the Realgar—Indigo 
naturalis formula — a TCM-based leukaemia 
treatment containing realgar, indigo minerals 
and the herb red sage root (danshen). They found 
that the arsenic in realgar could be described as 
the ‘sovereign as it attacked the main oncoprotein 
in leukaemia cells; indirubin, the active ingredi- 
ent in indigo, worked as the ‘assistant’ to slow 
leukaemia cell growth; and tanshinone, from 
red sage root, served as ‘minister’ to help restore 
the damaged pathways that prevent leukaemia 
spreading. Indurbin and tanshinone also worked 
as envoys to enhance cellular uptake of arsenic’. 

“A TCM formula is structural, and using the 
ingredients should be like a military opera- 
tion,” says Zhong Wang, a professor at CACMS’ 
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Institute of Basic Research in Clinical Medi- 
cine, who has developed a concept that covers 
the science of TCM formulae — fangjiomics’. 
Fangjiomics separates biological networks into 
discrete, interactive modules that can be targeted 
separately but whose biological effect must be 
considered together. Zhong Wang argues that, 
compared with the Western model of single- 
target interventions, TCM combinations are sys- 
tematic and well ordered. 


THE LONG WAY AHEAD 

The triumphs of modern medicine in the past 
200 years have been most striking in preventing 
and curing infections and acute disease, and in 
pain relief. By contrast, progress in understand- 
ing and treatment of chronic and degenerative 
diseases has been slow. And it is these conditions, 
such as diabetes and Alzheimer’s disease, that are 
responsible for a large portion of the West’s soar- 
ing and unsustainable healthcare costs. Could 
Western treatments of these diseases, where 
there is no infectious agent but rather an inter- 
nal imbalance in the immune system or other 
biological housekeeping systems, be improved 
by insights from TCM? 

In modern medicine, chronic conditions are 
generally treated with prolonged administra- 
tion of chemical drugs, which can give rise to 
long-term toxicity or even resistance. That's what 
happens, for example, with many patients taking 
isosorbide dinitrate for chronic angina pectoris. 
The danshen dripping pill provides a better long- 
term curative effect, claims Jia. As it contains a 
mixture of ingredients, each individual compo- 
nent can be added at a lower, less-potent dose 
without compromising the effectiveness of the 
overall preparation. Moreover, TCM prepara- 
tions tend to be cheaper than modern pharma- 
ceuticals, he adds. 

In addition to being a source of national and 
cultural pride, Chinese herbal medicines are the 
most promising source of new drugs for the Chi- 
nese pharmaceutical industry, which has always 
lived in the shadow of Western pharmaceutical 
giants. China is stepping up its efforts in both 
academia and the pharmaceutical industry to 
find safe and effective compound formulae that 
are acceptable to Western regulatory agencies. 
Most attempts have focused on isolating a single 
active ingredient from the TCM preparations. 
This reductionist, Western approach has led to 
only a few successes — including the antima- 
larial drug artemisinin and the leukaemia treat- 
ment arsenic trioxide. 

So far, no drugs based on established TCM 
formulae have been approved in the United 
States or Europe. The nearest example is sine- 
catechins (marketed as Veregen by German bio- 
tech MediGene based in Martinsried), a cream 
made from a mixture of green tea extracts for the 
treatment of genital and perianal warts. Sinecat- 
echins was approved in 2006 by the US Food 
and Drug Administration, and is the FDA’ first 
and only ‘botanical’ drug — approved on clinical 
results despite the fact that the active ingredients 
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TASTING NOTES 


The tongue’s condition is an important diagnostic tool in traditional Asian medicine. 


Thin white 
coating 


Teeth marks 
Pale tongue 


with a few 
red spots 


1. NORMAL 


Thin white 


Yellow 
greasy 
coating 


Red tongue 


6. OF STAGNATION 
Stressed, tendency to 
be depressed and upset, 
unstable emotional 
state, PMT. 


7. DAMP HEAT 
Skin problems, 
urinary infections, 
clammy skin, angry 
and uncomfortable. 


and the mechanism of action are not known 
(see ‘Herbal medicine rule book; page S98). 
However, the danshen dripping pill, manufac- 
tured by the Tainjin-based Tasly Group in China, 
has successfully completed phase II trials in the 
United States and could be the first botanical 
drug derived from the TCM repertoire. 

“Pharmaceutical regulations in the West are 
developed according to the Western way of drug 
R&D, and they are not fit for evaluating TCM 
drugs,’ says Henry Sun, vice-president of Tasly 
Group. “Of course, TCM should be proved on 
the basis of scientific evidence?” However, Sun 
argues that the science is skewed towards testing 
single agents targeted to single mechanisms (see 
‘The clinical trial barriers, page S93). “Besides 
the science, the other major challenge is con- 
vincing different groups in the West, from ordi- 
nary people to policymakers, to change their 
prejudices against TCM” 


TOP DOWN OR BOTTOM UP? 

The advent of -omics technologies that rapidly 
measure the entirety of the human complement 
of, for example, genes (genomics) or metabolites 
(metabonomics) — and to integrate these diverse 
data into a complete picture — has given rise to 
anew way of looking at medicine in the form of 
systems biology. For many TCM researchers, 
such as Aiping Lu and Zhong Wang, systems 
biology is potentially a way to understand TCM 
using Western scientific methodology. 

“The major challenge of the integration of 
TCM and modern medicine is the translation 
from TCM experience and concepts into bio- 
chemical and biological meanings that Western 


2. Ol DEFICIENCY 
Fatigue, poor appetite, 
spontaneous sweating, 

shortness of breath, 
over-thinking and worrying. 


Thin yellow ; 
coating White greasy 
coating 
Swollen 
tongue 


Red tongue 


3. HEAT 
Feel hot, sweat easily, 
thirsty, constipated, 
irritable and bad 
tempered, skin problems. 


Little/no 
coating 
Thick white 
coating 


Cracks 
Pale swollen 


tongue Red tongue 


8. YANG DEFICIENCY 


Feel cold easily, pale 
complexion, back pain, tendency 
to panic, emotionally low, 
impotence, infertility. 


scientists can understand,’ says Jan van der Greef, 
a systems biologist at Leiden University in the 
Netherlands. “Systems biology is an ideal theory 
and analysis tool that can bridge the two systems.’ 

Leroy Hood, president of the Institute for 
Systems Biology in Seattle, Washington, and 
regarded by manyas the field’s founding father, 
has introduced what he calls ‘4P healthcare’: pre- 
dictive, personalized, preventive and participa- 
tory. This concept, Hood contends, is the new 
paradigm of modern medicine ina systems biol- 
ogy era. 4P medicine focuses on the biochemi- 
cal networks underlying health and disease, then 
aims to treat and prevent disease by identifying 
and countering perturbations in the biological 
networks — a concept highly reminiscent of the 
TCM philosophy. Thanks to systems biology, the 
gap between the two medical systems is starting 
to narrow. For example, recent advances in med- 
ical technology are allowing the application of 
new phenotyping technologies that can simulta- 
neously characterize the multiple drug responses 
to dietary preparations, such as pu-erh tea. Ina 
proof-of-concept study in humans, a team led 
by Jia quantitatively measured the absorption of 
pu-erh tea molecules, the output of gut bacteria 
metabolism, and the human metabolic response 
profile in the urine’. “The phenotyping strategy 
can further differentiate disease subtypes that are 
correlated to different TCM syndromes,’ says 
Jia. This, in turn, will “improve doctors’ ability 
to personalize treatment and to predict an indi- 
vidual’s response to a drug regimen”. 

But Jia and others are aware that the technol- 
ogy and methodology of systems biology are still 
immature. “We have to first develop network 
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4. DAMP RETENTION 
Bloated, fullness in 
chest and abdomen, 
feel heavy and 
lethargic. 


9. YIN DEFICIENCY 
Hot flushes, sweat 
at night, insomnia, 
irritable, ringing in the 
ears, Menopause. 


Black spots 


Purple tongue 


5. BLOOD STATIS 
Cold limbs, varicose veins, 
painful legs, headaches, 
chest pain, liver spots, 
lack of skin lustre. 


Little/no 
coating 


Pale tongue 


10. BLOOD DEFICIENCY 


Dizziness, fatigue, palpitations, 
poor concentration and 
memory, insomnia, 
women’s problems. 


models to simulate a pathogenesis: for example, 
the transformation of normal cells to cancer 
cells,” says Jia. “The second step will be to model 
amulti-component agent targeting the multiple 
sites involved in the transformation process.” 


EAST MEETS WEST 

The absence of scientific development processes 
and controlled clinical trials has held back the 
integration of traditional Asian medicine and 
modern medicine for centuries. Some of its con- 
cepts appear more magical than practical, and, 
without a physical basis, have resisted measure- 
ment and observation. But slowly these differ- 
ences are resolving. 

Much of the drive for integration will come 
from China and its neighbours. “We should 
build our own methodology to evaluate the 
unique features and efficacy of TCM,” says 
Zhimin Wang. “There are so many possible ways 
of integration between TCM and modern medi- 
cine. We should keep our minds open.” 

The days of competition between these two 
systems could well be gone. “The two systems 
cannot replace each other,’ says Boli Zhang. “But 
instead they will fill each other out” = 


Peng Tian is a reporter for The Economic 
Observer in Beijing. 
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PERSPECTIVE 
All systems go 


science and, consequently, practices in medicine. The twentieth 
century has seemed to vindicate the Western approach, bringing 

huge advances in our understanding of physiology and biochemistry. 
This knowledge has fuelled the development of medicines and vaccines 
against countless diseases that had once wreaked havoc on humanity. 

But in recent decades, the Western model has hit some turbulence. In 
particular, the concept of ‘one disease — one target — one-size-fits-all’ 
is shifting towards more personalized medicine tailored to individual 
patients, including the use of multiple therapeutic agents and the consid- 
eration of nutritional, psychological and lifestyle factors when deciding 
the best course of treatment. This shift in strategy has been most obvious 
in the prevention and management of chronic diseases such as diabetes 
and cardiovascular disease. The intellectual underpinnings for such a 
transition in medical practice are being laid 
in the discipline of systems science — and 
systems biology in the biomedical domain. 

Systems science aims to understand both 
the connectivity and interdependency of 
individual components within a dynamic and 
non-linear system, as well as the properties 
that emerge at certain organizational levels. 
The relation to medicine is clear. Systems 
biology is particularly useful when it comes 
to describing homeostasis — the regulation 
of a system's internal environment to main- 
tain a stable condition. In turn, the ability to 
cope with changing environments and stress 
is encompassed in the principle of allostasis 
— the physiological or behavioural changes 
required to stabilize the biological system. 

The concepts and practices of systems 
biology align very closely with those of trad- 
itional Asian medicine. Consider the very 
idea of ‘health. The current World Health 
Organization definition of the term is based 
on a 1948 consensus: “A state of complete physical, mental and social 
well-being and not merely the absence of disease or infirmity.” However, 
an emerging concept of health in the scientific literature describes an 
ability to adapt and self-manage in the face of social, physical and emo- 
tional challenges’. This perspective has, of course, long been central to 
the concept of health in traditional Chinese medicine (TCM), which 
further includes spiritual fulfilment and a sense of individual well-being. 

TCM is descriptive and phenomenological — it typically diagnoses 
patients using concepts based on the relationship between signs and symp- 
toms, obtained through questioning, listening, palpation, visual inspection 
and smelling. In contrast, Western-style, modern medicine has mainly 
used single biomarkers to describe disease states, for example diagnosing 
type 2 diabetes by measuring glucose levels. But there is a growing realiza- 
tion in the West that single biomarkers are not enough. A better approach 
is to lookat patterns of biomarker responses to a challenge. These data will 
provide insight into the resilience ofallostatic mechanisms, and hence into 
a person’s health, an approach not unlike the tenets of TCM. 


Vs cultures have developed their own philosophies of 


A flock of starlings relies on connectivity, dynamics and 
communication; these elements are embedded in TCM. 


Systems science can provide guidance in capturing the complementary 
approaches to healthcare, says Jan van der Greef. 


In addition to giving Western medicine a basis for adopting some 
concepts of TCM, systems biology is also pushing the convergence from 
the other direction. Increasingly, TCM uses modern biochemical measure- 
ments and tools to refine or augment diagnostic descriptions. This is 
starting to facilitate the translation of TCM concepts into Western con- 
cepts based on biochemical, pathway or regulatory processes. 

For instance, take diagnosis: the Sino-Dutch Centre for Preventive 
and Personalized Medicine in Zeist, the Netherlands, has conducted 
several studies that attempt to unify Eastern and Western diagnostic 
principles. In one such study of rheumatoid arthritis patients, selected 
according to Western (American College of Rheumatology) guidelines, 
TCM practitioners categorized patients into ‘heat or ‘cold’ pattern — 
based on the results of a questionnaire concerning joint issues, level and 
quality of pain, response to weather, and other symptoms such as fever 

and thirst, as well as the results of a tongue 
and pulse inspection. A systems biology 
investigation of the two groups found statis- 
tically significant differences between them 
in the expression of genes related to apoptosis 
and metabolite profiles’. 

Systems biology can also provide insight 
into the multi-target pharmacology ofherbal 
formulae. A metabolomic study investigated 
changes in lipid levels in transgenic mice with 
mild hypercholesterolaemia given either 
a herbal concoction or a known drug (for 
example, rimonabant, atorvastatin or niacin). 
The study found that the herbal formula 
caused decreases in plasma cholesterol and 
triglycerides, and increases in high-density 
lipoprotein. How the herbal formula does 
this should help researchers pinpoint novel 
ways to treat metabolic disorders, especially 
those related to lifestyle’. 

These early systems biology investigations 
suggest that the TCM method of qualitative 
subtyping could be of use in deciding the course of treatment for 
patients in modern medicine’, and provide momentum for the move 
towards personalized medicine. Furthermore the concept of health 
promotion alongside disease management will help to improve the 
current system of healthcare. m 


Jan van der Greef is a principal scientist at the Netherlands 
Organization for Applied Scientific Research (TNO), professor of 
Analytical Biosciences at Leiden University and chairman of the 
Sino-Dutch Centre for Preventive and Personalized Medicine. 
e-mail: jan.vandergreef@tno.nl 


. Huber, M. et al. Br. Med. J. 343, d4163 (2011). 

. van Wietmarschen, H. et al. J. Clin. Rheumatol. 15, 330-337 (2009). 
. Wei, H. et al. PLoS One (in press). 

. Li, S. et al. IET Syst. Biol.1, 51-60 (2007). 


BwWNMH 


The author declares competing financial interests: go.nature.com/tdy7sf 


22/29 DECEMBER 2011 | VOL 480 | NATURE | S87 


© 2012 Macmillan Publishers Limited. All rights reserved 


OUTROS) TRADITIONAL ASIAN MEDICINE 


Panax ginseng has quite a reputation. 

Pulling the plant from the floor of the 
forests where it grows wild reveals the origin 
of its fame — the hairy ginseng root, prized 
for centuries by Asia people for its medicinal 
properties. Dried and ground, ginseng is a key 
ingredient in the traditional herbal medicines 
of China, Japan and South Korea. 

Investigation shows that ginseng is rich ina 
family of steroid glycosides, dubbed ginseno- 
sides. Equally clear is the fact that these com- 
pounds have no direct effect on the human body 
because the gut cannot absorb them’. 

And yet, for many people, ginseng does have 
an effect. For although the human gut can't 
absorb the ginsenosides, some of the bacteria 
that live there can. After partly breaking down 
the compound for food, the bacteria excrete the 
remnants. It is these partly digested molecules 
that are used by the body and that have been 
proven to have a wide range of activity, from 
anti-inflammatory to anticancer effects. 

The human gut is home to trillions of indi- 
vidual microbes representing thousands of 
species of bacteria and non-bacterial organ- 
isms called archaea’. The exact membership 
of this highly complex ecosystem, known as 
the microbiome, varies from person to person. 
Indeed, according to microbiologist Liping 
Zhao at Jiao Tong University in Shanghai, 
China, for around one-fifth of the population, 
ginseng will have no health benefit because 
the person doesn’t have the right gut microbes 
to break it down. 

Our microscopic passengers have long 
been suspected of being active participants in 
a mutually beneficial partnership. Integral to 
this picture is the interplay between gut bacte- 
riaand health. The global rise of chronic health 
conditions, ranging from obesity and diabetes 
to bowel disease and cancer, is increasingly 
being linked with perturbations in gut flora. 
And while modern medicine is struggling to 
tackle such multi-component diseases, the 
ancient medical philosophies and practices of 
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plant, Glycyrrhiza glabra, contains glycyrrhi- 
zin, which can be processed by microbes into 
186-glycyrrhetic acid — effective in the treat- 
ment of peptic ulcers, as well as having antiviral 
and antifungal activities’. 

In the other type of interaction, certain ingre- 
dients in herbal medicines influence the balance 
of bacterial species living in the gut. For example, 
extracts from the Ginkgo leaf have been shown 
to increase the abundance of beneficial bacteria 
such as Lactobacillus and bifidobacteria in the 
gut. These bugs have been linked with a number 
of health benefits in the human host; in particu- 
lar, they can modulate the immune system in 
ways known to reduce the risk of autoimmune 
diseases such as diabetes mellitus type 1 (ref. 1). 

That at least some of the ingredients in herbal 
medicine exert their biological effects through 
interactions with our gut microbiota is not a 
new revelation. As long ago as the 1950s, Wei 
Xi, a microbiologist in the Dalian Medical Uni- 
versity, China, proposed that the key to under- 
standing the action of herbal medicines in the 
body was to consider their interaction with the 
microbes in our gut. 

“People have appreciated for a long time 
that we carry this enormous community of 
microbes around with us,” says George Wein- 
stock, a geneticist at Washington University in 
St Louis, Missouri. What has long limited our 
understanding of the role that the gut micro- 
biota play in health was the overwhelming 
number of organisms present. The only realistic 
approach is to sample the whole bacterial com- 
munity at once, says Weinstock. “It has only 
been in the last five years or so that the power 
of DNA sequencing instruments has got to the 
point where you can tackle that kind of pro- 
ject,’ he says. Several large projects have already 
begun to chip away at the problem, including 
the US National Institutes of Health’s Human 
Microbiome Project, co-directed by Weinstock, 
and the European Commission-funded Meta- 
HIT project. 

The next big step will be to link big-picture 
changes in microbiome makeup with par- 
ticular patterns of disease, says Weinstock. 
Researchers are already starting to spot links 
between certain chronic diseases and the 
absence or presence of specific bacteria. For 
example, people with Crohn’ disease, a painful 
autoimmune disease affecting the bowel, tend 
to have low levels of a bacterium called Faec- 
alibacterium prausnitzii, which is, therefore, 
suspected to play a protective role*. Another 
bacterium, a particular form of Escherichia coli 
called adherent invasive E. coli, is more preva- 
lent in people with Crohn’s disease, raising the 
prospect it might be one of the bad guys’. 

However, there is more to disease devel- 

opment than a single 


D NATURE.COM causative bacterium, 
For some of the says Weinstock. “It’s 
latest research on about the conversation 
metabonomics: between you and your 
go.nature.com/ix34rg microbes, and when that 


conversation gets out of whack (for reasons that 
we dont yet know) and if you have the right sus- 
ceptibility genes, then disease can occur’ 

It is this multifaceted nature of chronic diseases 
that makes them so hard to treat. “Western medi- 
cine is extremely good for treating acute diseases, 
says Jan van der Greef, an analytical scientist from 
the Netherlands Organization for Applied Scien- 
tific Research (TNO) based in Delft, who helped 
establish the Sino-Dutch Centre for Preventive 
and Personalized Medicine in Zeist, the Nether- 
lands. But the cell-based approach to medicine 
in the West is less effective for other kinds of ill- 
health, he says. “If you move towards chronic 
illnesses — or even to disease prevention and 
health promotion — our current way of think- 
ing is really limiting what we can achieve.” 


TROUBLE ON THE WESTERN FRONT 

Could it be that the traditional Eastern 
approach to health is better equipped to tackle 
chronic disease? “Because these complex dis- 
eases have multifocal problems, no single drug 
can treat them,” says Jeremy Nicholson, a bio- 
chemist at Imperial College London. “Chinese 
medicine is a polypharmacy, with multiple syn- 
ergistically active compounds in the mixtures; 
the reason some of the medicines probably 
work is that they drug multiple targets at the 


Bacteria (green) settled on the small intestine. 


same time.’ And in the gut, there are thousands 
of potential targets. 

In fact, as far as chronic diseases go, modern 
medicines could be part of the problem, Nichol- 
son adds. “Antibiotics don't just kill bad bugs, 
they kill good bugs as well” This disruption can 
still be detected in the gut microbiome at least 
two years after a patient has completed a course 
of antibiotics®, 

Nicholson studies the interactions between 
gut microbiota and health using a whole-body 
systems biology approach that he invented 
called metabonomics — a systemic-wide ver- 
sion of metabolomics. “What we try to sample 
in metabonomics is the systemic response to 
some sort of intervention,” he says. The team 
uses analytical chemistry techniques such as 
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nuclear magnetic resonance (NMR) to map all 
of the metabolites — the chemical by-products 
of metabolism — in an individual's blood, urine 
or stool sample, thereby capturing the cell's met- 
abolic output. By comparing the results before 
and after a treatment, metabonomics provides 
a read-out of the whole body’s response to a 
drug — whether that drug has worked directly 
ona cellular target or indirectly by interacting 
with the gut microbiome. This systemic view is 
the key difference between metabonomics and 
the standard scientific approach to examining 
metabolites using cell cultures. 

For the past few years, Nicholson has been col- 
laborating with Zhao, who isa leader in research- 
ing the interaction between herbal medicines 
and the gut. Zhao believes that metabonomics 
is uniquely placed as a tool for understanding 
how herbal medicines work, because it captures 
the whole-body response to what is, by intent, a 
whole-body treatment. 

“We've done some work showing that 
herbal medicines produce notable shifts in gut 
microbial metabolism, and those shifts can be 
quite stable over quite long periods of time,” 
Nicholson says. Giving people chamomile, 
for example, changes the metabolite make- 
up of their urine. These effects remain even 
when the herb is no longer taken, implying 
that the change is caused by a lasting shift in 
gut microbe metabolism. “There is almost 
certainly a strong connection between micro- 
biome activity and the activity of traditional 
Chinese medicines.” Not that herbal medicines 
were deliberately designed to work this way, he 
adds. “For TCM practitioners, it’s complete 
news to them.” 

Zhao says that interactions with the gut 
microbiota could ultimately prove to be one of 
the main ways in which herbal medicines act 
on human health. “In Chinese medicine, many 
ingredients just pass through the gut, they don't 
get into the bloodstream?” And yet some of these 
ingredients are known to have an effect, he says. 
So, much like ginseng, “it is most likely they 
work by changing gut microbiota.” 

Given the emerging links between gut micro- 
biome and human health, it is these types of 
glimpses that are inspiring scientists such as 
Nicholson to investigate traditional herbal medi- 
cines as a new way to treat chronic diseases. “If 
we can start to unravel how TCM works,” he 
says, “it might offer a completely new horizon 
on how you drug the human body.’ = 


James Mitchell Crow is a freelance science 
writer based in Melbourne, Australia. 
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MODERNIZATION 


One step at a time 


The repertoire of traditional Chinese medicine could offer 
rich pickings for modern drug developers, but researchers 
must first define and test herbal concoctions. 


BY ZHIGUO XU 
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antimalarial agent artemisinin, phytochem- 

ist Youyou Tu realized that the age-old 
Chinese technique of boiling and high-temper- 
ature extraction destroys the artemisinin con- 
tained in Artemisia annua (ginghao in Chinese), 
a herb used in traditional Chinese medicine 
(TCM) for hundreds of years. So she redesigned 
the process for isolating artemisinin, performing 
it at lower temperatures (60 °C) and using ether as 
asolvent. Tu also removed a harmful component 
of the herb that did not contribute to antimalarial 
activity, discovered that the active ingredient is 
present only in the leaves, and worked out the 
best time to harvest it. Since its initial isolation in 
1972, artemisinin and its derivatives have become 
the leading treatments for one of the world’s most 
deadly diseases and saved countless lives. On 12 
September 2011, Tu, who has since retired as a 
research fellow from the China Academy of Chi- 
nese Medical Sciences (CACMS) in Beijing, won 
the Lasker-DeBakey Clinical Medical Research 
Award for her pioneering work on this agent. 

The other classic example of a modern medi- 
cine that originates in TCM is arsenic trioxide, 
which was approved by the US Food and Drug 
Administration for use in leukaemia in 2000. 
Tingdong Zhang, a research fellow of Harbin 
Medical University in China, made a unique 
contribution to the development of this drug 
by separating a toxic component from the 
therapeutic compound. Tingdong Zhang used 
animal toxicological experiments to define the 
maximum safe dose, and changed the route of 
administration to intravenous delivery to maxi- 
mize the effect. 

“The discoveries by Tu and Tingdong 
Zhang are great examples of how to develop 
drugs from TCM; says Bai Lu, vice-president 
of biology at GlaxoSmithKline (GSK) China 
in Shanghai. “Consciously or not, they were 
actually using modern scientific approaches 
for drug discoveries.” 

Beyond the utility of these drugs as lifesavers, 
their development raised hopes in China that, 
with the help of modern science, TCM could 
become an equivalent — or perhaps even a more 
powerful counterpart — to modern medicines. 
But, despite decades of research and billions 
of yuan, TCM is still considered to be part of 
complementary or alternative remedies in most 
Western countries, its ingredients hard to define, 
and its efficacies difficult to evaluate. 


[: the process of purifying and testing the 


ACTIVE INGREDIENTS 

For decades, European and US regulatory 
agencies held the view that a drug must be either 
ahighly purified or synthetic agent. Traditional 
medicines could not qualify under this defini- 
tion because a TCM preparation is a concoction 
rather than a single compound, and the chemi- 
cal structures of the active ingredients are unde- 
fined. Consequently, when it came to assessing 
a traditional medicine for efficacy, most effort 
went into identifying the principal agent within 
aherb or mixture of herbs and purifying it as a 
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single chemical compound. However, “academic 
scientists and the pharmaceutical industry have 
not been very successful at isolating the active 
substances in TCM preparations’, says Bai Lu. 

Others share Lu’s dour outlook. “Few active 
ingredients are extracted from TCM herbs by 
modern scientific approaches,’ says Yi Rao, 
dean of life sciences at Peking University in Bei- 
jing. “Those extracted effectively have not been 
demonstrated to be clinically successful” Indeed, 
he says, “artemisinin and arsenic trioxide are per- 
haps the only two examples”. 

This process is not helped by the insistence 
of many TCM researchers on using traditional 
methodologies — such as water decoction, 
immersion, reflux extraction and distillation — 
to process herbs. “It is totally ridiculous,’ says 
Rao, who is also an evaluator for the big-budget 
Innovative New Drug Development and Manu- 
facturing project, which was launched in 2008 
with more than 10 billion yuan (US$1.6 billion) 
of public funding. The aim is to develop new 
TCM drugs by applying modern research and 
development techniques to TCM. Rao criticizes 
TCM researchers who adhere to traditional 
ways. “They think it’s too slow and troublesome 
to extract the active ingredients by modern sci- 
entific approaches, but in fact this was how Tu 
and Tingdong Zhang did it” 

A major drive of the central Chinese govern- 
ment is to sponsor projects that use modern 
drug discovery technologies to characterize 
the active parts of TCM formulae. For example, 
the 30 million yuan ($4.7 million) Herbalome 
project, initiated in 2008 by scientists at Dalian 
Institute of Chemical Physics (DICP), part of 
the Chinese Academy of Sciences, is compil- 
ing a database of active agents in herbs from 
popular TCM recipes’. Researchers use liquid 
chromatography and other modern methods of 
separation to identify the components ofa herb, 
then evaluate each one using high-throughput 
screening, toxicity testing and randomized 
clinical trials to determine both its active ingre- 
dients and toxic components. More than 10 sci- 
entists are involved in the project, which is set to 
last for 15 to 20 years. 

Xinmiao Liang, a chemist at DICP and head of 
the Herbalome, is confident about its prospects. 


FUTURE CHINESE TREASURES? 


“We can analyse 500 samples every day, and 
initial results are very good, he says. “We have 
already extracted the active ingredient from 
one herb and identified its chemical structure.” 
Liang is applying for international patents, con- 
ducting animal experiments and writing papers 
about this newly identified analgesic compound, 
although he is yet to publish his findings. Liang 
hopes the Herbalome will uncover the next 
artemisinin or arsenic trioxide. 


COMPLEXITY 

But within China, the Herbalome project has 
its sceptics. “Japanese scientists have tried to 
extract active ingredients from TCM herbs in 
past decades, but failed,” says Bengang Zhang, 


Youyou Tu is bringing TCM into the modern clinic. 


a researcher at the Institute of Medicinal Plant 
Development of the Chinese Academy of Medi- 
cal Sciences (CAMS) in Beijing. Part of the prob- 
lem is that standard laboratory technologies do 
not always match up well with TCM analysis. 
For example, Liang acknowledges that one of 
the major tools used by his team as part of the 
Herbalome — high-throughput screening — 
is not ideally suited to the task. That's because 
TCM concoctions are mixtures of multiple 
active compounds, and a typical Chinese medi- 
cine is intended to hit multiple biological targets. 
Hence, even ifa high-throughput screen shows 
astrong effect, it cannot identify the active ingre- 
dient — especially if it is a trace component. “In 
most cases, you don't know what the targets and 
mechanism are,’ says Bai Lu. “Without that, you 


Several drugs are aiming to become the first authentic TCM-derived formula to get approval in the West. 


Drug name Manufacturer 

Danshen Tasly 

dripping pill Pharmaceutical 

Kanglaite Zhejiang Kanglaite | Unknown 

injection (KLT) Group 

Xuezhikang Beijing Peking 

capsule University WBL 
Biotech Co. 

Fuzheng Huayu_ | Shanghai University 

capsule of TCM 

Nongsuo Lanzhou Foci 

Danggui Pill Pharmaceutical 


Active ingredients (if known) 


Danshensu, protocatechuic 
aldehyde, salvianolic acid B 


Various natural statins, 
unsaturated fatty acid, 
ergosterol, alkaloids 


Salvianoic acid B, Adenosin 


TCM formula 


Salvia miltiorrhiza, Radix 
notoginseng, Borneol 


Coix seed oil (with soybean 
phospholipids and glycerol as 
excipients) 


100% Red yeast rice (Hong Qu), 
obtained through fermentation of 
with Monascus strains. 


Salvia miltiorrhiza, peach seed, pine 
pollen, Gynostemma pentaphylla, 
Schisandra chinensis 


Angelica root 
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can only identify and isolate compounds based 
on phenotypes, which is extremely difficult? 

According to Bengang Zhang, the failure of 
the Japanese researchers was not because they 
were using poor methods or technology. “The 
instruments in Japan are sophisticated enough,” 
he says. The issue, in his view, is that both the 
human body and the formulae in the TCM rep- 
ertoire are complex systems. Trying to simplify 
both, by extracting one active ingredient to hit 
one biological target, is a recipe for futility. 

The difficulties have not deterred scientists 
keen to explore traditional medicines and 
untangle their many components. “This is 
actually an advantage of TCM,” says Bai Lu. 
Many common diseases, including diabetes and 
hypertension, are polygenic and their pathol- 
ogy follows multiple mechanisms. Alzheimer’s 
disease, for example, involves accumulation of 
toxic proteins (amyloid-f and tau), neuronal 
death, loss of function in the synapses, and 
inflammation. A drug that hits a single mecha- 
nism, no matter how hard, might not work. Bai 
Lu adds: “The multiple components in TCM 
formulae offer a unique opportunity to attack 
multiple disease-causing mechanisms simulta- 
neously — provided we know what they are and 
how to test them clinically.” 

Taking advantage of complexity is one of 
the goals of Zalicus, a drug developer in Cam- 
bridge, Massachusetts. “Biological systems 
have evolved over millions of years to be able to 
resist a single insult and they have become very 
robust,’ explains Margaret Lee, vice-president of 
research at Zalicus. “There is a redundancy and 
complexity in biology.” 

Zalicus’s approach is to take existing mol- 
ecules with known mechanisms of action, and 
combine them to look for synergistic activity. 
For example, Zalicus, in partnership with Sanofi 
Aventis of Paris, France, is developing Predni- 
sporin — a combination of the glucocorticoid 
prednisolone acetate and the immunosuppres- 
sant cyclosporine A — for the treatment of 
inflammatory eye diseases. 

However, working the other way around 
— starting with a complex herbal mixture and 
trying to “deconvolute the synergy” — is tough, 
says Lee. “With a herbal medicine, there might 


Diseases to treat Status 

Cardiovascular disease FDA phase II clinical 

(especially chronic angina) | trials 

Cancer FDA phase II/III clinical 
trials 

Coronary heart disease FDA phase II clinical 

caused by hyperlipidaemia | trials 

and atherosclerosis. 

Liver fibrosis FDA Phase II clinical 
trials 

Thrombosis, blood lipid Applying for 

levels and pain registration in EU 
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be 10-15 different components in there” A 
researcher would need to isolate the compo- 
nents, purify them, then add them back in vari- 
ous combinations until the entire effect of the 
mixture is recapitulated. And that is supposing 
it is possible to identify the components in the 
first place. “With a herb, where it’s grown and the 
environmental conditions can have an impact on 
the level of components,’ she says. It would take 
repeated attempts to ensure all active ingredients 
have been isolated. “In theory, it should be pos- 
sible. But in practice it can become very difficult” 


QUALITY ASSURANCE 

Bai Lu says that consistency is an important 
challenge. For each recipe, “some sort of stand- 
ardization criteria must be established to con- 
trol batch-to-batch variation’ he says. Bengang 
Zhang agrees: he helped draft the TCM Good 
Agricultural Practice (GAP) guidelines for the 
State Food and Drug Administration (SFDA), 
the Chinese equivalent of the US Food and Drug 
Administration (FDA). He contends that poor 
agricultural practices lead to inconsistent quality 
of TCM products, severely affecting stability and 
therapeutic effects”. Bengang Zhang proposed 
that these problems can be addressed in part 
through a GAP approach, which standardizes 
various basic drug production processes, includ- 
ing the cultivation, collection and processing of 
TCM herbs. These techniques should improve 
the quality of the herbs and bring TCM in line 
with international practices. 

GAP for herbal products was introduced in 
China in 2002. Although it is not mandatory 
for herbs, being GAP certified can promote the 
visibility of a manufacturer. In the eight years to 
2010, the SFDA certified 99 production bases 
(about half of the total number), which ranged 
in size from around 13 hectares to hundreds 
of hectares. 

There are still problems that GAP has not 
solved. The rural areas where most herbs are 
grown remain underdeveloped, and many young 
people leave the countryside to work in the cities. 


The agricultural land is typically owned by the 
drug manufacturer, and even though the compa- 
nies provide training, the GAP guidelines will not 
be properly implemented without an adequate 
labour force. Basic research into important herbal 
production technology is weak, Bengang Zhang 
says. Moreover, he points out, “the government 
has not yet enacted any provisions to enforce 
implementation of GAP for TCM herbs”. 


NON-TRADITIONAL TRIALS 

But even with standardized raw ingredients and 
consistent products, measuring the clinical effi- 
cacy of TCM formulae is a challenge. Multiple 
active compounds hitting multiple targets could 
also mean multiple criteria for judging whether 
the medication works. While scientists world- 
wide are becoming increasingly interested in the 
evaluation of TCM products based on clinical 
trials, few researchers know how to do it right. It 
is clear that double-blind, randomized clinical tri- 


als (RCTs) are needed. 
“ But “the unique nature 
Some sort of of TCM makes it hard 
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dynamic profiles, and 
dose-efficacy relation- 
ships clinically’, says 
Bai Lu. “It is difficult 
to measure multiple clinical endpoints based on 
multiple disease mechanisms, especially when 
you cannot measure them separately.” 

Aiping Lu, researcher into integrative medi- 
cine in the Department of Disease and TCM 
Pattern Correlation Research at CACMS, says 
that more than 100 clinical trials on TCM for- 
mulae were conducted in China from 2006 to 
2010 — most of them RCTs — and that more 
are coming soon. “A large amount of TCM clini- 
cal research papers will be published in the next 
2-3 years,’ he predicts. Indeed, several drugs 
developed from TCM recipes are currently in 
clinical trials, registered with agencies in Western 


batch-to-batch 
variation.” 
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From rural farming to the lab: herb farming standards were introduced in China in 2002 to help standardize the raw ingredients of herbal remedies. 


countries (see ‘Future Chinese treasures). 

But the widespread adoption of such robust, 
modern testing techniques requires a significant 
change from today’s situation, says Bengang 
Zhang. “Only a few dozen new TCM drugs are 
approved by the SEDA each year. Some approved 
TCM formulae have to be reviewed again, 
because the registration and approval processes 
have become stricter” He adds that many prod- 
ucts “won't be able to enter into clinical trials even 
if they are successful in animal experiments” 

Indeed, despite the popularity of TCM, there 
is clearly along way to go before its drugs pass the 
rigorous scientific standards of Western pharma- 
ceuticals. According to the SFDAs Annual Report 
on Drug Registration Approval, only 81 TCM 
products were approved in 2010 — 8% ofall 
drugs, and slightly lower than the figure for 2009. 
The overwhelming majority (89%) of drugs that 
were approved in China in the same year were 
synthetic or purified chemicals. 

Modernizing Asian medicines will require 
more than just applying modern tools and sci- 
entific techniques to ancient practices. Simply 
extracting one active ingredient from a herb or 
herbal concoction and then trying to find its 
biological activity has produced few positive 
results in the past and is unlikely to work effec- 
tively in the future. The process will require a 
better understanding of how multiple ingredi- 
ents act in synergy, and what effect they can have 
on multiple targets. If TCM is to take its place 
in the modern medicine cabinet, then it must 
develop modern ways to prove itself. “TCM isa 
great treasure,’ says Bai Lu. “But the only way to 
bring its full values to society is using modern 
science and drug discovery technologies.” = 


Zhiguo Xu is a freelance journalist based 
in Beijing. Additional reporting by Michelle 
Grayson. 


1. Zhang, X. et al. Anal. Bioanal. Chem. [Epub ahead of 
print] (2011). 
2. Zhang, B. et al. Planta Med. 76, 1948-1955 (2010). 


CORBIS / HUGH LAU/ MAYWAY CORP 


Protecting 
China’s national 


treasure 


Applying modern intellectual property standards 


to ancient medicines. 


BY JESSIE JIANG 


r the very nature of traditional Chinese 
medicine (TCM) poses serious challenges 
in patenting intellectual property. Unlike 

modern medicines, which are based on newly 

discovered, developed or isolated chemical com- 
pounds, TCM prescriptions typically consist of 
mixtures of well-known plant or animal extracts. 

Moreover, these recipes are public knowledge, 

having been recorded in ancient books, and are 

therefore ineligible for patents in areas where a 

compounds novelty is a prerequisite. 

Even ifa TCM prescription secures a patent 
— possibly after being safeguarded as a family 
secret, or as a modification to an established 
recipe — there are loopholes that allow the pat- 
ent to be bypassed. According to TCM theories, 
each prescription has a fangyi, which is a descrip- 
tion of the symptoms and an explanation of how 
they should be treated. A TCM prescription can 
maintain its fangyi even when one or several of 
its ingredients are replaced by similar items. For 
example, different species of ginseng can be used 
interchangeably in TCM prescriptions. This gives 
TCM companies leeway: under current Chinese 
patent law, even slight variations of a patented 
prescription can qualify for a new patent. 

“Adding or removing an ingredient sometimes 
doesn't much change the efficacy ofa compound 
TCM prescription,’ says Kaixian Chen, president 
of the Shanghai University of Traditional Chinese 
Medicine. This imprecision, he says, “not only 
leaves a lazy shortcut for patent applicants, but 
also undermines existing TCM patents.” 

Indeed, China’s patent law for TCM is such 
that it even allows for a change in packaging 
design to qualify for a patent, says Xiaoting Song, 
alaw professor at Tongji University in Shanghai 
who specializes in TCM intellectual property 
rights. “The intellectual property rights protec- 
tion offered by the current patent system is weak 
at best; he adds. 

And while TCM continues to be a source of 
pride for the Chinese, lax intellectual property 
rights create an opportunity for foreign-made 
medicines to enter China. According to reports 


from Xinhua, China’s state news agency, TCM 
imported from Japan, South Korea and Ger- 
many accounts for approximately 30% of the 
Chinese market. 

China only started awarding patents for TCM 
products in the 1990s, and there are still no spe- 
cific standards that govern whether a particu- 
lar TCM formula is eligible for a patent — the 
same rules also govern food recipes, for exam- 
ple. “There is obviously an essential difference 
between a TCM formula and other compound 
products,’ says Song. “The concept of fangyi is 
unique to TCM prescriptions and should be 
protected by the patent law.” Although China's 
State Intellectual Property and Trademark 
Office is considering new standards specifically 
for TCM, any such policy would take years to 
be approved by the 
central government. 


“ ° 

Protection Meanwhile, TCM 
offered by patents for new prod- 
the current ucts with little added 
system is value continue to be 


weak at best.” awarded. “My sense is 


that at least half of all 
TCM patents in China are for packaging design 
rather than for the medicine itself? says Song 
(there are no official figures). 

Despite loopholes in the patenting of TCM for- 
mulae, some global pharmaceutical companies 
are keen to develop new medicinal products and 
are expanding their R&D efforts into the realm of 
traditional medicine. “Collaborations are becom- 
ing increasingly necessary when it comes to phar- 
maceuticals,’ says Song. “Even back in the 1960s, 
the discovery of the antimalarial artemisinin 
was a joint effort that involved more than 500 
researchers from 60 research institutes in China.” 

International pharmaceutical companies sub- 
mit a small fraction of TCM patent applications 
in China — about 3% according to the Intellec- 
tual Property and Trademark Office. But this 
is set to grow. “As the pharmaceutical industry 
gets more competitive, TCM represents a very 
promising approach,’ says Bai Lu, vice-president 
of biology at the Shanghai R&D centre of Glaxo- 
SmithKline (GSK), the London-based global 


pharmaceutical company. “We are very opti- 
mistic about the TCM market? Indeed, GSK is 
rapidly expanding its TCM team in Shanghai, 
and has established collaborations with several 
local institutions. When it comes to new phar- 
maceutical agents, Lu considers the current pat- 
enting system in China to be industry friendly 
— companies can essentially apply for two pat- 
ents for each new compound derived from a 
TCM formula: one for the extraction and isola- 
tion method, and a second for the end product. 

Securing a patent for anew TCM product can 
bring great financial reward. For example, the 
danshen dripping pill, manufactured by Tian- 
jin-based Tasly Pharmaceutical, is a patented 
cardiovascular drug that isa more concentrated 
and faster-releasing version of the generic dan- 
shen tablet, made from the dried root of Salvia 
miltiorrhiza. Since its launch in 1994, revenue 
from the danshen dripping pill has grown by 
more than 10% each year on average, reaching 
US$203 million in 2010 — accounting for 28% 
of Tasly’s total revenue. 

At the same time as encouraging moderniza- 
tion of TCM, the Chinese government is also 
taking steps to preserve the traditional prac- 
tice. The Chinese Ministry of Health recently 
approved a draft of new regulations that, if 
approved by the central government, will offi- 
cially categorize TCM as ‘traditional knowledge’ 
a status defined by the World Intellectual Prop- 
erty Organization, a United Nations agency 
headquartered in Geneva, Switzerland. The 
aim of the new ministry of health regulation 
is to protect historic TCM prescriptions. For 
example, the Sijunzi decoction, a 900-year-old 
Chinese recipe that mixes four plants, would 
be recognized as traditional knowledge under 
the new regulation, and its derivative recipes 
would not be considered patentable. “TCM 
is our national treasure,’ says Song, who was 
a member of the drafting committee for the 
regulations. “It will give us the edge when com- 
peting on the world stage, and we can’t afford 
to lose that.” m 


Jessie Jiang is a journalist based in Beijing. 
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OUTROS) TRADITIONAL ASIAN MEDICINE 


MODERN TCM 


Enter the clinic 


The editor of Nature China reports on his first visit to a traditional Chinese medicine 
practitioner to find out how this ancient practice is dispensed in the twenty-first century 
— and to see if anything can be done to relieve his back pain. 


BY FELIX CHEUNG 


r | he taxi rounded a corner and I wound 
down the window to let in some fresh 
air. Outside I could the see vibrant- 

coloured spittoons, hear the sharp clang of 

metal being worked and smell the scent of 
washed clothes hanging from ancient balco- 
nies. I had arrived in the old Yuexiu district of 

Guangzhou in south China. Although much 

of the district has taken on the modern sheen 

of corporate business, Yuexiu still contains 

enclaves of bygone times. 
I was here to see if my persistent back prob- 
lem could be helped. The 


> NATURE.COM past five years of office 
Visit Nature China work and sitting at my 
for some of thebest desk had taken their toll. 
researchintheregion: I had days when I woke 
go.nature.com/xuaofu © up but could not get out 


| had never tried 
acupuncture 
before, so my TCM 
doctor, Xiuhua 
Chen, gave me 

a trial run by 
inserting a needle 
behind my ear. 


of bed, and times when I tried to put on my 
socks but could not reach my feet. 

Blood tests, X-rays and magnetic resonance 
imaging — everything at my Western-trained 
doctor’s disposal had failed to identify the root 
of my pain. He assured me that I did not have 
arthritis, cancer or any inflammatory diseases, 
and that the problem was likely to be mechani- 
cal. All he could give me were painkillers — 
and antacids to quell any upset stomach that 
the painkillers caused. 

Over the past few months my back pain had 
worsened. Walking or straightening my left 
knee would induce a tingling sensation at the 
back of my leg that radiated up to my hip and 
down to my toes. It got to the point where I 
started looking for alternative treatments to 
help me return to normal life. I researched 
medicine establishments online and asked 
around for recommendations, and found one 


place that sounded suitable, even though it was 
170 km northwest of my home in Hong Kong. 


THE OLD AND THE NEW 

The taxi stopped in front of Guangdong Pro- 
vincial Hospital of Traditional Chinese Medi- 
cine. This was my first visit to a traditional 
Chinese medicine establishment. Even from 
the street, this hospital looked unlike other 
modern hospitals I been to before. Hanging 
on the wall near the entrance was a large LED 
display. Local people were standing below it, 
performing a series of slow movements and 
stretches in time with instructors on screen. 
They were doing baduanjin, a form of medical 
qigong, to strengthen their qi. 

Guangdong Provincial Hospital actually 
provides integrative treatment, combining 
TCM and modern medicine. The hospital also 
claims to be the largest and busiest integrative 


Above: The 
pharmacy at 

the Guangdong 
Provincial Hospital 
stores its Chinese 
herbs in traditional 
wooden cabinets. 
Left: Women 
practising 
baduanjin in 

front of the 
Guangdong 
Provincial Hospital. 
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hospital in southern China: more than 5.6 mil- 
lion patients visited in 2010 — around 15,000 
patients each day. 


TRADITIONAL APPROACH 

Once inside, my visit began on a familiar 
course to any visit to a medical facility. I filled 
ina registration form and received a smartcard 
to store my medical records. Then a nurse led 
me to my TCM doctor — Xiuhua Chen, who is 
also director of the Traditional Therapy Center. 
I told Chen of my medical history and described 
my symptoms. She asked me about my back 
problems as well as other questions related to 
how well I was sleeping and about my bowel 
movements. Then Chen took a good look at 
my tongue and felt my pulse. 

But then the Asian approach to medicine 
became apparent. Chen concluded that the 
tingling sensation in my leg was caused by my 
back problem, and that I had xinhuo or ‘heart 
fire — a condition that causes restlessness, 
insomnia and oral ulcers (which I also suffered 
from). Chen offered me acupuncture to alleviate 
my pain, moxibustion and cupping to increase 
blood flow to my back, and bloodletting to clear 
the heart fire. She also reiterated what my other 
doctor had told me — that I might need to resort 
to surgery if my symptoms persisted. 

Because I had never had acupuncture, I was 
unsure of what to expect — so Chen gave mea 
trial run. I sat down ina chair and she inserted 


Below: The Traditional Therapy Centre at the Guangdong Provincial 
Hospital has a modern reception. As this was my first visit, | had to fill 

in a registration form. | was also given a smartcard to store my medical 
records. Right: | was prescribed traditional herbs to treat my xinhuo 
(heart fire), which | was to take home and prepare into a type of tea. 

The herbs were vacuum packed and clearly labelled with information on 
the origin, net weight, and production and expiry dates. 


avery thin, solid, stainless steel needle, about 3 
cm long, into my head — just behind my right 
ear. When I stood up, I could feel that the tin- 
gling sensation had disappeared. 

I was astonished: the needle insertion was 
fast and painless, and its effect instantaneous. 

The trial over, I followed Chen to a private 
room where I removed my clothes and lay down 
on my side on a treatment table. Chen inserted 
2 needles into my head, 16 more into my back 
and 3 into my right ankle. This time, however, 
I could actually feel the needles enter my body. 
I told Chen where I felt the most pain and she 


ee . adjusted the depth and 
Finally it was location of the needles. 
time for the Chen then left the 
bloodletting room and a nurse 
and the nurse entered, pushing a trol- 
insertedmore _ley loaded with more 
needles into needles, mugwort 
the backs of sticks, glass cups, and 


an alcohol burner. The 
nurse lit a mugwort 
stick and started circling it behind my back 
(which was still bristling with needles). Because 
I was facing away from the nurse, I could not 
see what she was doing, although I could smell 
the woody, spicy aroma of the burning mug- 
wort, sense smoke against my back and feel heat 
through the needles. The moxibustion took 
around 15 minutes in total. 

The nurse then pulled out all the needles, 


my thighs.” 


TRADITIONAL ASIAN MEDICINE (eluate) 


wiped my back with an alcohol solution, and 
started the cupping. By heating the air in the 
cup, each about 10 cm tall, and pressing it 
against my back, she created a vacuum that held 
it in place. I found the heat and the suction of the 
cups quite comforting, and a lot more pleasur- 
able than acupuncture or moxibustion. 


HERBS FOR HOME 

Finally, it was time for the bloodletting. The 
nurse inserted more acupuncture needles into 
the backs of my thighs and covered them with 
heated cups. Within 5 minutes, blood began to 
trickle from the base of each needle. 

My treatment complete, the nurse led me 
to the TCM pharmacy to receive my medica- 
tion. From the waiting area I could see the walls 
lined with traditional wooden cabinets where 
the herbs are stored. The herbs handed to me 
(to prepare at home — although they can do it 
for you on-site) were vacuum-packed, with the 
name, origin and manufacturing date clearly 
printed on the label. All in all, my bill came to 
300 yuan (about US$50). 

I walked happily away with my leg feeling 
much better. As I left the hospital, I saw the 
women still doing their baduanjin. I began 
to wonder if maybe I should start practicing 
baduanjin too. = 


Felix Cheung is editor of Nature China in 
Hong Kong. 


Left: Treatment 
beds in the 
Traditional Therapy 
Centre set up 

for fumigation, 
which is a bit like 
aromatherapy. 

The machines blow 
herbal steam onto 
the body. 


22/29 DECEMBER 2011 | VOL 480 | NATURE | S95 


© 2012 Macmillan Publishers Limited. All rights reserved 


OUTRO TRADITIONAL ASIAN MEDICINE 


Will the sun set 


on Kampo? 


The practice of traditional medicine in Japan includes 
many modern techniques but faces numerous challenges 
— including political pressure from China. 


BY ICHIKO FUYUNO 


apan’s traditional herbal medicine, called 

Kampo, has become thoroughly integrated 

into the country’s healthcare system. Of the 
thousands of Kampo formulae available, 236 are 
officially registered by the Japanese ministry of 
health and produced in pill or powder form. 
More than 80% of medical doctors in Japan cur- 
rently prescribe Kampo, and two-thirds of the 
officially registered formulations are covered by 
national health insurance. 

But Kampo — imported from China 1,500 
years ago — is under pressure. Despite growing 
support among the Japanese public, Kampo is 
eclipsed by Western medicine, which accounts 
for 98% of total pharmaceutical production 
in Japan. Kampo also faces fierce competition 
from the growing popularity of traditional Chi- 
nese medicine (TCM). 

Part of Kampos problem is institutional: 
unlike China and South Korea, where govern- 
ments promote traditional medicine, Japan has 
neither government departments nor public 
institutes dedicated to Kampo. The Japanese 
government spends about one-tenth as much 
on traditional medicine research as South 
Korea, which is only a fraction of the size of 
China’s investment. And the difficulty of accu- 
mulating scientific evidence in support of tra- 
ditional medicines makes the government wary 
of strengthening its support. 


HISTORY OF KAMPO 

In the sixth century, TCM spread to Japan and 
started to develop independently. Kampo med- 
icine bloomed in the eighteenth century when 
Japan closed itself off from contact with most 
foreign countries. 

After Japan reopened its borders in the late 
nineteenth century, the government embarked 
ona strategy of Westernization, and Kampo was 
all but replaced by modern medicine. Since then, 
Kampo has survived on the sidelines of society. 
In 1976, facing strong political pressure from 
Taro Takemi — then president of the Japanese 
Medical Association and a Kampo advocate — 
the health ministry decided to include Kampo 
in the national health insurance. But this policy 


did not require clinical trials to prove the efficacy 
of Kampo treatments. Indeed, until recently, lit- 
tle importance was placed on the development 
of Kampo; only a handful of places, including 
Toyama Medical and Pharmaceutical University 
(now known as the University of Toyama) and 
Kitasato University Oriental Medicine Research 
Center in Tokyo, continued to research it. 
Kampo medicine is now enjoying renewed 
public support. In 2009, a government task force 
suggested removing Kampo from the national 
insurance coverage in an effort to cap mount- 
ing medical expenses. In only three weeks, the 
Japan Society for Oriental Medicine in Tokyo col- 
lected nearly one million signatures from people 
opposed to the plan, which was abandoned. 


UNIQUE FEATURES 
Kampo medicine shares many similarities with 
TCM: they both support the concept ofa grad- 
ual improvement in the body’s condition using 
natural agents, and diagnosis is made using a 
pattern of symptoms. But over centuries of inde- 
pendent development, the two systems have 
diverged in character and practice. 

Japan imports 80% of Kampo ingredients from 
China, although some herbs are grown locally. 
As with grapes cultivated for wine, local envi- 


ronmental conditions 
“If current can influence the con- 
° sae stituents ofa medicinal 
Chinese medicine 
plant. This means that 
became the panne ne Ee 
sontavdunder any given traditiona 
5 zs I medicine, if it contains 
internationa herbs grown in differ- 
agreement, a ent places (even if they 
Kampo medicines are the same species), 
could be wiped can have variable prop- 
out.’ 


erties. Consequently, 
explains Masatomo 
Sakurai, a researcher in traditional medicine at 
Kitasato University, the potency of some Kampo 
medicines such as kakkonto, a treatment for the 
common cold, can be one-tenth that of the TCM 
equivalent — in this case gegentang. 

Cultural and political differences also separate 
Kampo from other Asian medicines. In China, 
TCM practitioners prepare their own mixtures 
tailored to each patient (although principal 
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ingredients may be standardized), and can 
choose whether to train in modern medicine or 
TCM. In Japan, by contrast, Kampo formulae 
are manufactured according to rules issued by 
the health ministry in 1987 to ensure consistent 
preparations. Kampo doctors must also hold a 
licence to practise modern medicine. “These fea- 
tures give Kampo an advantage when integrating 
with Western medicine,’ says Ikuo Saiki, director 
of the Institute of Natural Medicine at the Uni- 
versity of Toyama. “Products of standard quality 
are essential to produce persuasive clinical data? 


TALKING POLITICS 

Kampo-related issues have recently taken on a 
political flavour. China has started to regulate 
exports of raw herbal materials, and has also 
raised prices. Although cultivation of some plants 
can be relocated to Japan, certain high-quality 
herbs, such as Ephedra sinica, can be harvested 
only in China with the right soil and climate. 

At meetings of the World Health Organization 
and the International Organization for Stand- 
ardization, the Chinese contingent is promoting 
TCM as the basis for standards in traditional 
herbal medicine. “If current Chinese medicine 
became the standard under international agree- 
ment, it would have an impact on our education 
and qualification systems,’ says Katsutoshi Tera- 
sawa, director of the Kampo department at the 
Chiba Central Medical Center in Japan. “Kampo 
medicines could be wiped out? 

International standards would help avoid 
confusion over nomenclature and inform a 
scientific evaluation of traditional medicines. 
But “if we are to create international standards, 
we should first set the theme as traditional East 
Asian medicine, not just Chinese medicine,” 
says Terasawa. Toshihiko Hanawa, director- 
general of Kitasato University Oriental Medi- 
cine Research Center, adds: “And for Japan, it 
is imperative that we establish a government 
support system.” Without such support, there 
is a risk that TCM will predominate and a vital 
bridge between East Asian and Western medi- 
cine will be lost. m 


Ichiko Fuyuno is a freelance writer based in 
Munich, Germany. 
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PERSPECTIVE 


any modern medicines come with warnings of side effects, 
Mi some patients are understandably wary of their use. 

There is a trend for people to consider herbal medicines as 
natural and therefore ‘healthier’ than synthetic chemicals. In Japan, 
doctors are increasingly prescribing herbal medicines while more and 
more scientists investigate their efficacy. 

Although herbal remedies work gently and typically cause milder 
side effects than modern medicines, they can still be dangerous. 
Adverse events can vary from the minor (gastric distress and appetite 
loss) to the serious (interstitial pneumonia or renal cancer), and even 
death. According to the Japanese Ministry of Welfare, in just two years 
from 1994 to 1996, herbal medicines caused at least ten deaths in Japan. 
The problem of herbal side effects is common else- 
where in Asia but is overlooked. 


A SEVERE PROBLEM 

In Japan, the first reported side effect resulting from 
the ingestion of herbal medicines was in 1989, from 
a traditional Japanese formula called syo-saiko-to 
prescribed to promote liver health (xiao-chai-hu- 
tang in Chinese)”. Over the following 11 years, 35 
cases of side effects related to syo-saiko-to were 
reported, including eight deaths. Because most of 
these cases involved hospitals or doctors that did 
not specialize in herbal medicine, it was generally 
believed that the deaths were attributable to the 
prescribers’ lack of knowledge. 

However, recent reports reveal that herbal for- 
mulae can cause side effects even when prescribed 
by experienced traditional medicine practition- 
ers. Although no deaths linked to herbal formulae 
have been reported since 2000, there have been 
other side effects. In the seven years to 2009, the 


Center for Japanese Traditional Herbal Medicine _Aconite root is used to treat colds and can 
cause palpitations and blood rushes. 


at Kashima Rosai Hospital in Kamisu reported 503 
cases of side effects out of 2,530 total prescriptions, 
with symptoms varying from poor appetite to 26 cases of liver disorder 
— half of which were caused by herbal medicine (4 in 1,000 cases)*. The 
Department of Herbal Medicine at Kitasato University in Tokyo has 
reported a similar rate: 21 cases of liver damage out of 20,271 prescrip- 
tions over 9 years (approximately 1 in 1,000)*. 

Across Japan, the most common side effects from herbal formulae 
are gastrointestinal distress, often caused by Rehmannia root and Ephe- 
dra herb, and allergic reactions such as skin rashes, which can be caused 
by many different herbs. More serious side effects include interstitial 
pneumonia, which affects 1 in 25,000 patients taking any herbal rem- 
edy*, most commonly with syo-saiko-to, which contains Scutellaria 
root. This root, among others, can also cause liver dysfunction — a 
condition that affects 1-5 people out of every 10,000 taking herbal 
medicines, most notably women more than 50 years of age. Renal 
dysfunction and cancer of the urinary system can result from the 
consumption of aristolochic acid — a constituent of Aristolochia man- 
shuriensis that is used in guan-mu-tong’. 


Herbal dangers 


Traditional plant-based remedies are not risk-free. Doctors and patients 
need to be informed about the possible side effects, says Masatomo Sakurai. 


Other common herbal formulae have also produced unwanted 
results. Up to 3% of people who consume liquorice, which is added to 
three-quarters of Japanese herbal formulae, develop pseudohyperal- 
dosteronism, a condition that includes hypokalaemia (low potassium 
levels), convulsions, oedema, hypertension and weight gain. Medicines 
containing the root of Bupleurum can give someone an urgent need to 
urinate, a feeling of incomplete urination, and blood in the urine. These 
are also the symptoms of cystitis, a form of bacterial bladder infection. 
The Bupleurum-related cases, however, are thought to be an allergic 
reaction to the herb, as there are no signs of bacterial infection. 

Side effects can be prevented to some extent if doctors are properly 
trained in the use of herbs and herbal formulae. For example, the Ephe- 
dra herb contains ephedrine — a stimulant often 
used in herbal medicine that should not be pre- 
scribed to patients with cardiovascular diseases. 

Unfortunately, not all side effects can be pre- 
dicted, even if they are prescribed by well-trained 
doctors. Here, however, is some simple and practical 
advice that could help prevent serious cases of side 
effects from occurring. 

First, use a blood test to check liver and renal func- 
tion before the first prescription, and every 3 months 
thereafter. This testing will enable early detection 
of dysfunction, which might not manifest before 
12 months. Second, measure a patient's blood pres- 
sure at least once every 2 weeks. This helps to detect 
pseudohyperaldosteronism. Third, inform the 
patient about the early symptoms of the treatment’s 
side effects, such as fever, oedema and shortness of 
breath, which might develop into a more serious 
condition. Advise the patient that if these symptoms 
occur, they should cease taking the herbal medicine 
and inform the prescribing doctor. 

Building the education system is an urgent mat- 
ter for countries looking to improve the safety and 
efficacy of herbal formulae. Japan has now made 
it compulsory for medical students to take courses in the practice of 
herbal medicine, and in 2008 the first doctors graduated from this sys- 
tem. More importantly, doctors, researchers and government officials 
in Japan, China and South Korea should work together to decide the 
common name for each herb and create international rules concerning 
the use of herbal formulae to improve the sharing of information about 
side effects. 


Masatomo Sakurai is a researcher of oriental medicine, acupuncture 
and herbal medicine at Kitasato University Oriental Medicine 
Research Center in Tokyo, Japan. 

e-mail: sakuraim@insti.kitasato-u.ac.jp 
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REGULATIONS 


Herbal medicine rule book 


Can Western guidelines govern Eastern herbal traditions? 


BY NATASHA GILBERT 


attending a slimming clinic in Belgium were 

accidentally given a weight-loss treatment 
containing the toxic herb Aristolochia fangchi 
rather than the anti-inflammatory agent Stepha- 
nia tetrandra. For practitioners and adherents of 
herbal medicine, it was one of their worst night- 
mares: more than 100 of the women suffered 
kidney failure. Many later developed cancer of 
the urinary system. 

This was partly a story of mistaken identity: 
Chinese herbs are traded using their common 
names, which can confuse Western practition- 
ers of traditional medicine. In this instance, the 
term fang ji describes the roots ofboth A. fangchi 
and S. tetrandra. In addition, in traditional Chi- 
nese medicine, Aristolochia species are regularly 
interchanged with other plant species, further 
complicating the use of these herbs for Western 
doctors who may be unfamiliar with the lan- 
guage and with traditional practice. 

The Belgian cases prompted the European 
Medicines Agency to create new regulations, 
which are considered to be some of the strictest 
in the world. Given the increasing popularity 
among Western populations of herbal medici- 
nal products — around a third of UK adults use 


lE the early 1990s, thousands of women 


herbal products, for example — there is a press- 
ing need to tackle safety issues while ensuring 
the availability of potentially useful therapies 
to patients. 

But are Western medical agencies capable 
of regulating herbal medicines developed in 
Eastern traditions? And if not, what reforms 
are needed to make it possible? 


NEW EUROPEAN DIRECTIVE 

The Traditional Herbal Medicinal Products 
Directive (THMPD) came into force across 
the European Union (EU) in April 2011. The 
THMPD “aims to protect public health and 
at the same time secure the free movement of 
herbal products within the EU”, according to 
the European Medicines Agency. 

Under the directive, herbal medicines 
intended as treatments for minor health ail- 
ments must be registered as traditional-use 
products with the regulatory agency in every 
EU member state in which the product is 
to be sold (although each national regula- 
tory agency is supposed to recognize licences 
already granted by other EU members). This 
system is designed to make it less likely that a 
productis sold as a traditional herbal medicine 
in one country and as something else in another. 
Before the THMPD, Europe had a patchwork 
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of herbal medicine regulations. Some countries 
did not regulate traditional herbs at all; others 
classified herbal products as food supplements 
rather than medicines, and so subjected them 
to less scrutiny. Consequently, some traditional 
herbal products had been available to patients 
without the quality and safety guarantees that 
come with registration. 

With the THMPD, criteria for whether a 
product is a medicine or a food supplement are 
consistent across all European member states. 
Moreover, these criteria apply to all manufac- 
tured herbal products whether they are sold 
in healthfood shops or pharmacies, or pre- 
scribed by doctors (as happens in Germany). 
The THMPD does not cover practitioners of 
herbal medicine, who are still permitted to mix 
herbal remedies from individual components 
for personal prescriptions. 

Products are eligible for licence as a tradi- 
tional herbal medicine only if they have been 
used to treat a specified health complaint for at 
least 30 years, including a minimum of 15 years 
in Europe. Herbal products are held to similar 
safety and quality standards as pharmaceutical 
drugs. What's different is how manufacturers 
are required to demonstrate efficacy. Rather 
than having to conduct original clinical trials, 
as pharmaceutical drug manufacturers must, 
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GRACIA LAM 


makers of traditional herbal medicines are 
instead permitted to point to their long history of 
use. “Some of these medicines have been around 
for thousands of years,” explains Dick Middle- 
ton, technical director at Schwabe Pharma UK 
in Buckinghamshire. “If they didn’t work they 
would have disappeared by now.’ 


WEIGHING UP THE RULES 

Many Western herbal providers and manufac- 
turers applaud the move to improve standards, 
and expect Europe's new rules will provide a 
fairer ground for competition among responsi- 
ble herbal suppliers. 

“We are supportive of the rules because they 
ensure herbal products are consistently of an 
acceptable standard and give patients accurate 
information,’ says Middleton. Schwabe Pharma 
UK — part of Dr Willmar Schwabe Pharma- 
ceuticals, a German phytomedicine company 
based in Karlsruhe — has registered 18 tradi- 
tional herbal medicine products with the UK’s 
Medicines and Healthcare Products Regulatory 
Agency — the most by any company. 

Other supporters of herbal medicine worry 
that the rules are too demanding and could ban 
some therapies on which people depend. Adam 
Smith, science and communications officer for 
the Alliance for Natural Health International 
(ANHI) in Dorking, United Kingdom, a non- 
governmental campaign group promoting the 
use of herbal medicines and other approaches 
to healthcare, fears that patients will lose out on 
some Asian medicines because they have not 
been used in Europe for the requisite 15 years, 
even though they have been consumed in East 
Asia for considerably longer. 

ANH also detects a perceived bias in the 
THMPD towards products developed in the 
West, which often contain just one herb. Tra- 
ditional Asian products contain mixtures of 
several herbs — making it difficult, time con- 
suming and expensive to meet the directive's 
requirement to identify and quantify the active 
botanical ingredients or other biological agents 
in a herbal product. “These technical assess- 
ments require expensive methods,” says Smith. 
“The cost burden is a problem, particularly for 
small businesses,’ he adds. 

Middleton agrees that conducting scientific 
analyses are “tough” — even for products con- 
taining just one herb, such as echinacea (for 
colds), St John’s wort (depression and anxiety) 
and feverfew (migraines) — all registered under 
the THMPD. Attempting to determine the bio- 
chemical characteristics of the ingredients in 
mixtures of up to 14 herbs sometimes found in 
traditional Chinese medicines can be an “end- 
less story’, says Rob Verpoorte, a pharmacolo- 
gist and molecular biologist at Leiden University 
in the Netherlands, who studies medicinal 
plants. This biochemical requirement isa likely 
reason that, of the 350 herbal medicines that had 
been licensed under the THMPD by Decem- 
ber 2010, none were from an East Asian back- 
ground. The European Medicines Agency says 


it predicts a “substantial increase” in registra- 
tions in an updated assessment due in Decem- 
ber 2011, but again few of these are expected to 
be from East Asian traditions. 

Removing all but essential ingredients could 
simplify the analysis, suggests Arnold Vlietinck, 
a pharmaceutical scientist at the University of 
Antwerp, Belgium, and chairman of the regula- 
tory affairs committee of the Society for Medici- 
nal Plant and Natural Product Research, based 
in Bonn, Germany. For example, he says, other 
herbs are sometimes added to preparations to 
improve the look and taste. 

In the longer term, ANHI suggests dispens- 
ing with the THMPD entirely and developing 
a new European regulatory framework for 
traditional medicinal products that is distinct 
from the existing regimens for food and medi- 
cine. This new framework would deal with all 
medicinal herbal preparations — including 
over-the-counter products and those prescribed 
by practitioners, as well as products on sale in 
some countries as food supplements. 


AMERICAN DIET 

In the United States, the regulatory require- 
ments for herbal medicinal products are sim- 
pler than in Europe. US herbal products are 
generally regulated as dietary supplements, 
meaning that standards are lighter. Manufac- 
turers do not need to analyse the biological and 
chemical properties of their herbal products, 
and there is no need to register them with the 
Food and Drug Administration (FDA). This 
laissez-faire regulation only goes so far, though. 
Sellers of herbs in the US are permitted to make 
only limited health assertions. In particular, US 
regulations prohibit the claim that any herbal 
product prevents disease. Moreover, US manu- 
facturers are responsible for making sure that 
the information on the herbal product label is 
truthful and not misleading, which the FDA 
monitors — alongside reports of adverse effects 
from the use of dietary supplements. 
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This simpler system is not without problems, 
says Darrell Rogers, communications director at 
ANHI’s US branch, based in Washington, DC. 
Herbal products formulated to treat more serious 
ailments — a category that covers many tradi- 
tional Asian preparations — fall between the reg- 
ulatory cracks. If products are marketed as food 
supplements, their makers cannot make claims 
about the conditions they aim to treat — and 
people suffering from particular maladies will 
be unaware of these potentially beneficial treat- 
ments. To make therapeutic claims, the products 
have to register as medicinal drugs and undergo 
the FDA%s rigorous, expensive and lengthy drug 
approval process — which, like the European reg- 
ulations, requires complex biochemical analyses 
and three phases of clinical trials. It's not surpris- 
ing that only one herbal medicine has achieved 
this status: sinecatechins, a tea polyphenol for the 
topical treatment of cervical warts. But these are 
something of a special case, and are registered 
as a ‘botanical’ — a separate classification from 
synthetic, chemically pure drugs. 

One pharmacologist attempting to get an 
Asian medicine approved by the FDA is Yung- 
Chi Cheng at Yale University in New Haven, 
Connecticut. For the past 11 years, Cheng has 
been investigating PHY906, a 1,800-year-old 
Chinese formulation of four herbs that has the 
potential to alleviate the vomiting and cramps 
caused by chemotherapy for gastrointestinal 
cancer. With the latest analytical technologies 
available to him, Cheng has made good pro- 
gress: he has completed phase I clinical trials 
of the herb and is soon to start phase II. Cheng 
is investigating the concoction’ effects on three 
tissue types — splenic, hepatic and the gastro- 
intestinal tumour tissue — to see if it works 
differently. Cheng’s research has revealed some 
surprises: the herbal mixture not only relieves 
sickness during chemotherapy but also seems 
to enhance the patient’s response to treat- 
ment’. “When the chemical goes into the body 
it doesn't only act on one organ, it also affects 
others and might help the final outcome of the 
patient,” he adds. 

Cheng says his experience highlights the 
need for more research into traditional Asian 
medicines — and for a change in attitude, both 
from regulators and some scientists. He had a 
lot of negative feedback about his compound, 
he says, before he finally got it published. “The 
mainstream science journals take one lookatit, 
see it is a mixture and reject it” he says. 

Work like Cheng’s shows that traditional 
Asian medicines could provide important new 
avenues for treatment. But without an appropri- 
ate regulatory framework, these could be lost to 
science. Getting Eastern and Western medical 
traditions to meet will require political and cul- 
tural changes as much as scientific ones. m 


Natasha Gilbert is a reporter for Nature in 
London. 
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PERSPECTIVE 


Liang Liu 


estern medicine depends on science to create and assess 
Wie at the molecular level. In Asia, there is a commonly 

held belief that there is an art to healing too, and that 
both art and science should cooperate to help eradicate illness and 
relieve suffering. 

Part of this art is seen in the way that Asian doctors perform a diag- 
nosis. Doctors identify multiple signs and symptoms across the whole 
body and then consider these as a constellation or pattern that is unique 
to each person. Prescription, therapy and dosages are tailored to each 
patient and are often modified as the course of treatment progresses. 
Such complexity and changeability has been difficult, if not impossible, 
to assess through the current standard method of randomized con- 
trolled clinical trials (RCTs). Therefore, there is a huge need to design 
a rigorous yet appropriate clinical trial that can assess the safety and 
efficacy of traditional Asian medicines. 

RCTsare the gold standard for testing new 
medicines. Within an RCT, a person will be 
randomly allocated to a group that receives 
one of the treatment options or a placebo. 
Typically, each group should contain the same 
distri-bution of relevant demographics, such as 
age, sex and ethnicity, among others. 

RCTs can be classified into two subtypes 
depending on what they seek to prove. Explan- 
atory RCTs (ERCTs) evaluate the efficacy ofa 
pharmaceutical agent under highly controlled 
conditions that do not necessarily reflect real 
life. Pragmatic RCTs (PRCTS) assess the effec- 
tiveness of a treatment in everyday situations, meaning that a less-than- 
strict adherence to the treatment regimen is not a reason to exclude a 
subject. Other than that, both subtypes of RCT share the same prin- 
ciples: randomization of subjects into treatment and control groups; 
blinding all participants as to which group subjects are in; the need for 
follow up; and the handling of drop-outs and withdrawals'. ERCTs can 
produce more precise assessments of a pharmaceutical agent, although 
the trial design often deviates significantly from daily routine. PRCTs, 
on the other hand, generate weaker evidence but better reflect the cir- 
cumstances of patients as they go about their daily lives. 

The rigidity of ERCTs has necessitated the concept of the ‘average 
patient. Yet such a patient does not really exist, and designing a trial in 
this manner is not ideal for tailoring treatment to an individual. Without 
prior consideration of the underlying genetics, patients in a particular 
trial group might receive a drug that is ineffective for their genotype — 
or worse still, dangerous’. With the growing appreciation that a person’s 
genetic variation affects response to treatment, trial designs must adapt. 

Knowledge that dysregulated genes and proteins underlie the pathogen- 
esis of many diseases has led to the development of pharmacogenomics: 
targeted molecular or genotype-based therapies that improve treatment 
and reduce adverse effects. However, RCTs have struggled to keep pace 
with the emerging understanding of individual pharmacogenomics’. 
For example, gefitinib, a lung-cancer drug, inhibits epidermal growth 
factor receptor (EGFR) signalling in target cells, providing patients with 
a significantly longer period without disease progression and fewer side 
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PERSONALIZED MEDICINE 
SHARES SIMILARITIES 
WITH THE METHODS 
OF TRADITIONAL ASIAN 
MEDICINES. 


The clinical trial barriers 


To investigate traditional Asian medicines properly, we need to rethink the 
way they are tested, say Liang Liu, Elaine Lai- Han Leung and Xiaoying Tian. 


effects than with conventional chemotherapy’. Only patients with a 
specific mutation in the gene that encodes EGFR get any benefit from 
gefitinib. Yet initial clinical trial results were negative because none of the 
patients in the trials had been selected based on EGFR activity. Positive 
clinical results were seen only after these subgroups were identified*». 

Integrating the principles of personalized medicine into RCTs leads to 
personalized explanatory RCTs (PERCTs) and personalized pragmatic 
RCTs (PPRCTs). These types of trials select patients according to their 
genotype, rather than the normal methods based on shared clinical 
diagnostic and biological characteristics. Moreover, this concept of per- 
sonalized medicine has similarities with the individualized diagnostic 
and treatment methods of traditional Asian medicines (notwithstand- 
ing the fact that the molecular mechanisms have yet to be elucidated). 
Therefore, it is reasonable to assume that any clinical trial designed for 
personalized medicine should be adaptable 
for testing traditional Asian medicines. 

The diagnostic principles of Asian and 
Western medicine can be bridged by sys- 
tems biology, which is a trend in biomedical 
research to examine complex systems in their 
entirety, rather than take a more reductionist, 
molecular viewpoint. Work is ongoing to link 
traditional Asian diagnoses and treatments 
with proteomic and biochemical signatures 

see All systems go, page $87), with the prom- 

ise that these can be applied in PERCTs and 
PPRCTs, as part of the criteria for assessing 
treatments’. For example, a recent report 
showed that the traditional Asian pattern diagnosis of ‘heat’ or ‘cold’ in 
rheumatoid arthritis patients was associated with different underlying 
genomic and metabolomic profiles, and different treatment outcomes’. 

For traditional Asian approaches to become integrated into modern 
medicine, we need to consider alternative inclusion and exclusion criteria 
for RCTs. We also need to review how outcomes are assessed. These con- 
cepts are neither new nor unproven. Both Western-style modern medi- 
cine and traditional Asian medicine aim to heal patients in a harmonized 
way and can be developed together into an integrated form of personal- 
ized medicine. Redesigning clinical trials will accelerate the blending of 
these two styles of healing, for the benefit of humankind. = 


Liang Liu is vice-rector at State Key Laboratory for Quality Research 
in Chinese Medicines, Macau University of Science and Technology, 
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for Quality Research in Chinese Medicines, Macau University of 
Science and Technology, China. Xiaoying Tian is a researcher at the 
School of Chinese Medicine, Hong Kong Baptist University. 

e-mail: lliun@must.edu.mo 


. Swanton, C. & Caldas, C. Ann. N. ¥. Acad. Sci. 1210, 34-44 (2010). 
Frueh, F. W. Pharmacogenomics 10, 1077-1081 (2009). 

. Douillard, J. Y. et al. J. Clin. Oncol. 28, 744-752 (2010). 

Lynch, T. J. et al. N. Engl. J. Med. 350, 2129-2139 (2004). 

Paez, J. G. et al. Science 304, 1497-1500 (2004). 

. van der Greef, J. et al. Planta Med. 76, 2036-2047 (2010). 

. van Wietmarschen, H. et al. J. Clin. Rheumatol. 15, 330-337 (2009). 


NOORWNE 


© 2012 Macmillan Publishers Limited. All rights reserved 


RICHARD JONES/REX FEATURES 


BIODIVERSITY 


Endangered and 
in demand 


With an ingredients list that includes rhino horn and tiger 
bone, traditional Asian medicine is on a collision course 


with wildlife preservation. 


BY DUNCAN GRAHAM-ROWE 


TRADITIONAL ASIAN MEDICINE (iteltuumetey;s 


t looks innocuous enough: a small vial bear- 

ing a white and orange label with the words 

‘Shi-He Ming Yan Wan: Yet the pills con- 
tained within are said to hold great healing pow- 
ers, able to cure just about anything, froma mild 
fever to a brain haemorrhage; from cancer to 
AIDS. The pill’s power, it is claimed, comes from 
a small amount of rhinoceros horn. Little won- 
der then that people pay as much as US$50,000 
for a kilogram of the stuff, roughly the same as 
the price of gold (see “The rhino toll’). 

The rhino and its horn are not alone: pow- 
dered tiger bone is used to treat rheumatism; 
the scales of the toothless, anteater-like pangolin 
are believed to reduce swelling and improve 
blood circulation; and guilinggao, a jelly derived 
from the shells of freshwater turtles, was used to 
treat smallpox in a nineteenth-century emperor, 
with little success — in Taiwan it isnow reputed 
to cure cancer. It is a similar story for many 
other endangered species whose commercial 
use is restricted — or banned outright — by the 
Convention on International Trade of Endan- 
gered Species of Wild Fauna and Flora (CITES). 

The illicit trade in wildlife is a booming 
industry, estimated by the US congressional 
research service to be worth as much as US$20 
billion globally each year’. Although this fig- 
ure includes trade in bushmeat, skins and 
exotic pets, in the expanding Asian market, 
estimated to be the largest in the world, a sig- 
nificant driver is traditional Chinese medi- 
cine (TCM). Indeed, despite showing signs of 
decline in the 1990s, the poaching and trade 
of endangered animals such as tigers and 
rhinos is once again on the rise. Yet cheaper 
and more potent alternatives are available. 
Organizations such as the American College of 
Traditional Chinese Medicine say that sustain- 
able substitutes have been used successfully for 
nearly two decades. So why is there still a bur- 
geoning market to use these precious animals 
in traditional Asian medicine? 


RICH PERSON’S REMEDY 

Onelikely factor driving this demand is the rise 
in the wealth of China, says Sabri Zain, director 
of advocacy for Traffic International in Cam- 
bridge, UK, which was established in 1973 to 
monitor wildlife trade. “Currently China is the 
biggest market,” he says. This dominance is 
not just a consequence of China’s population, 
or the fact that traditional Asian medicine has 
its roots there, but to the country’s rapidly rising 
incomes. “There are more people who can 
afford it; Zain says. 

The market for these substances also seems 
to be expanding. A range of new products has 
emerged over the past decade, available as black 
market products or through online stores. 
“Tiger bone is now being used in wine,’ says 
Debbie Banks, a senior tiger investigator with 
the Environmental Investigation Agency (EIA), 
a campaign group in London. It isa similar story 
with other new products made with tiger bones, 
such as shampoo — or indeed with tiger penis 
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soup, which has no perceived medicinal value 
whatsoever, she says. In fact, these wines, sham- 
poos and soups are not part of the traditional 
medicine repertoire at all. However, they do lean 
on the same beliefs, says Banks. “They are seen 
as status products,” she adds. 

Indeed this association with status is a major 
issue, reflected in the demographic of the mod- 
ern-day user of these products, says Zain. “It’s 
a myth that these products are only being con- 
sumed by an older generation. It’s not just the 
old fogies, it is also young, wealthy profession- 
als,” he says. “It may be a way of showing their 
peers that they can afford these very expensive 
medicinal products.” 

And there appear to be plenty who meet that 
financial test. In 2008, a survey of nearly 1,000 
people from six cities across China found that 
1.9% of respondents had consumed a medicine 
or tonic containing tiger within the past 12 
months’. If this represents national consump- 
tion, it would mean a user base of around 25 
million people. 

In Vietnam, which is one of the largest 
markets for TCM outside China, traditional 
remedies are sought after. Ifincomes were to 
increase, so too would consumption of products 
containing endangered species’. This is hardly 
surprising, says Zain, given the perception that 
products such as rhino horn are capable of cur- 
ing cancer — a medicinal property previously 
unheard of in traditional Asian medicine. 


HORN OF PLENTY 

So what of these purported health benefits? The 
use of rhino horn dates back at least 1,800 years 
and is referenced in Shennong’s Classic of Mate- 
ria Medica, the very first book of Chinese herbal 
medicine, says Huijun Shen, president of the UK 
Association of Traditional Chinese Medicine in 
London. Shen has nearly 30 years experience 
as a traditional medicine practitioner, having 
trained and practised in China before moving 
to the UK in 1995. Tiger bone is a more recent 
addition to the TCM apothecary but is similarly 
well established in the Chinese literature as a 
medicinal treatment. Yet despite their place in 
the East Asian medicinal tradition, the clinical 
applications of both rhino horn and tiger bone 
are limited, so their use is rare. Even before tiger 
and rhino products were banned in China in 
1993, demand for them was weak, says Shen. “I 
never used them, even when they were legal,” he 
recalls, “because they were so expensive.” 

In fact, in nearly two millennia, there is no 
record of rhino horn as a treatment for can- 
cer, says Shen. Rhino has very few medici- 
nal uses, the main one being to treat what is 
known in TCM as ‘heat toxin in blood’ syn- 
drome (there is no direct modern medicine 
equivalent, although it is usually caused by 
serious infections and can lead to toxaemia or 
septicaemia). Today this condition is treated 
with cheaper and more effective alternatives. 
“Normally we just use antibiotics,” he says. 
Modern TCM practitioners, he adds, are often 


trained in both TCM and Western medicine. 
According to Zain, anecdotal evidence sug- 
gests that using rhino horns to treat cancer was 
fabricated recently by illegal traders to boost 
their market. And, judging by the increase in 
poaching, it appears to be working. “Rhino is 
probably the most worrying trend,” says Zain. 
That’s because, until 2007, the number of rhi- 
nos being poached seemed to be dropping dra- 
matically. Since then, however, there has been a 
resurgence, from 8-10 illegal rhino horn seizures 
a year to 200 or more in 2007. It’s not entirely 
clear what has caused this increase, but seizures 
on the ground and at international borders are 
still on the rise — this year the tally is expected 
to reach more than 400. Moreover, Zain says, 
based on the number of poached rhinos, the 
number of illegally traded horns that evade cap- 
ture by the authorities is also increasing (see “The 
rhino toll’). Indeed, in autumn 2011, the Inter- 
national Union for the Conservation of Nature 
announced that wild populations of black rhino 
in West Africa are considered officially extinct. 
It is a similar story with tigers, says Banks. 
Back in 1993, after intense international pres- 
sure and under the threat of sanctions from the 
US government, China’s state council prohibited 
the import or export of tiger bone and rhino 


Tiger-bone remedy for sale in Vietnam. 


horn, and banned the sale of medicinal prod- 
ucts containing them within the country (with 
an exception for research into substitutes) under 
penalty of death. In 1999, China established an 
anti-smuggling unit. Following these measures, 
according to Chinese CITES officials, seizures 
of tiger parts seemed to decline, as did the avail- 
ability of tiger products on the street*. 


INVESTING IN EXTINCTION 
Since 2002 the declining trend has reversed, and 
seizures of tiger parts are now four times what 
they were a decade ago. Tiger skins alone can 
fetch in excess of US$20,000 per hide, so this 
rise cannot be attributed solely to supplying 
traditional medicine. But with each set of tiger 
bones worth as much as $7,000 it is unlikely 
that a smuggler would sell the skin without also 
trying to profit from the bones. 

Even if ever more affluent consumers in 
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countries such as China and Vietnam are ramp- 
ing up demand for traditional Asian medicines, 
why opt for hugely expensive products, and 
potentially risk the death penalty, when alter- 
natives are available that are not only cheaper, 
but which are also claimed to be more effective? 
China's Northwest Institute of Biology has con- 
ducted many different studies into the properties 
of sailong (mole rat) bone and its use in treating 
rheumatism. Moreover, there are a number of 
drugs containing it approved by the Chinese 
regulatory agency to treat rheumatism. The Chi- 
nese authorities actively encourage using sailong 
bone as an alternative to tiger bone. 

Yet many believe that the Chinese authorities 
could be doing much more. China does have 
harsh punishments for those caught trading in 
illegal wildlife, and regular seizures of animal 
contraband are made at its borders. But within 
China there is little policing, says Banks; bones 
and skins are openly sold in markets. And, as 
of 2011, the death penalty is no longer applied 
to this crime. 

What's more, the Chinese government's atti- 
tude to farming animals for use in traditional 
medicine is a concern, says Banks. Bears are 
farmed for their bile, which is used to treat gall- 
stones. There are also many officially sanctioned 
tiger farms*. Most only hold a dozen or so tigers, 
says Alasdair Cameron, a campaigner with the 
EIA, but several house more than a thousand of 
the big cats. He estimates that there are between 
6,000 and 10,000 captive tigers in the country. 
And with reports of China importing hundreds 
of live rhinos too, it raises the question of why 
they are breeding these animals if not for their 
bones and skin. 

“The Chinese government has categorically 
denied that this is what they are doing — and 
that these live rhinos have been brought into 
the country to meet the demand for recreational 
zoos, says Zain. But the cramped conditions the 
animals are kept in suggests otherwise, he says. 
More to the point, some of these tiger farms were 
set up before 1993 with the stated aim of breeding 
tigers for use in traditional medicine and for their 
skins — before the ban on tiger bone was intro- 
duced — and have never closed, says Cameron. 

“You could argue that these breeding farms 
will take the pressure off wild animals,’ says 
Zain. This is the argument for crocodile farms, 
which produce meat and skin. But the reality is 
that farms maintain demand for the animal parts, 
yet cannot cope with any surge in demand. If this 
happens, the temptation will be to satisfy it by 
hunting — putting pressure on wild popula- 
tions. “There are millions of crocodiles in the 
world,’ Zain observes, “but only a few thousand 
tigers.” So farming tigers not only encourages 
the capture of wild animals for breeding but also 
stimulates demand for the products. With so 
few tigers left in the wild, it would only take a 
small increase in demand to push them over the 
edge into extinction, he says. What’s more, it’s not 
really in the interest of tiger farmers to prevent 
the extinction of wild populations: after all, once 
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THE RHINO TOLL 


An upsurge in the cost of rhino horn has fuelled poaching. Increases have coincided 
with new medical claims about the use of rhino horn in traditional Asian medicines. 
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RHINO HORN SUPPLY 


THE COST 


Black rhino numbers have shrunk by 96%, primarily due to poaching. 


BLACK RHINO NUMBERS 


From 1970, large-scale poaching of the black rhino (Diceros bicornis) in Africa caused 
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Many more rhino horns now evade law enforcement. 
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numbers to fall by 96% to an estimated minimum of 2,410. Numbers have since 


recovered a little, although one West African subspecies was recently declared extinct. 
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they are extinct there would be no reason to con- 
trol the trade in tiger body parts. 

But perhaps the most disturbing notion is the 
prospect that people might trade in endangered 
animals as a means of “investing in extinction’ 
This is the idea that by actively buying up and 
stockpiling rare animal parts, one can not only 
push up the price, but also encourage further 
poaching that will eventually force the species 
into extinction. In cold-blooded business terms 
it makes an awful lot of sense, says John Scanlon, 
secretary-general of CITES in Geneva, Swit- 
zerland. “If something is rare it becomes more 
attractive,’ he says. “And the rarer something is, 
the more valuable it becomes.” 

Scanlon concedes that he only has “rumour 
and anecdotal evidence” that anyone is actu- 
ally ‘investing’ in the demise of a species. “It’s 
still speculative? he adds. According to the EIA, 
however, tiger farms are stockpiling the bones 
and skins of tigers that die. Indeed, Chinese 
authorities have set up two operations — one in 
Guangxi and one in Geilongjiang — to dismem- 
ber the carcasses of dead tigers and destroy all but 
the bones and skins". The Chinese authorities say 
this is to ensure there is adequate supervision of 
the carcass and body parts, but why the bones 
and skin are then not destroyed is not clear. So 
although there is no proof of people stockpiling 
wild tiger parts, it is certainly happening in farms. 


DAMPENING DEMAND 

There is no simple solution to tackle illegal trade 
in these endangered animals, says Scanlon. But 
the hope is that progress can be made by adopt- 
ing diverse tactics, including controlled delivery, 
tracking illicit substances to the buyer. “It has 
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been used to combat illicit trade in drugs and 
we are now training wildlife enforcement offi- 
cials in the same technique,’ says Scanlon. “We 
have employed two staff who have vast front-line 
experience with police and customs in China 
and South Africa to assist us in the fight against 
wildlife crime.” And CITES has scheduled a 
December 2011 training course on controlled 
delivery techniques for staff in 20 states in China. 
Furthermore, in 2008, despite having a remit 
limited to international trade, CITES took the 
unusual step of issuing an 


“Therarer 24visory notification to sig- 
somethin g natories, which include both 
is, the more China and Vietnam. The 
valuable it notification stated that coun- 
hecomes.” tries in which intensive breed- 


ing of rhinos or tigers takes 

place should ensure that none 
of the animals are bred for their parts or deriva- 
tives. It even suggests the use of DNA profiling, 
so that illicit trade can be traced to source. But, 
as Scanlon points out, the notification is merely 
advisory and not binding. 

Ultimately, Zain believes that the solution must 
come through demand reduction — “to make it 
socially unacceptable, or dispel the myths con- 
cerning these products’, he explains. “If there is 
no demand for a product then there is no trade” 
Such an approach has already successfully 
reduced the demand for tiger skins among Tibet- 
ans. Following a campaign to raise awareness 
of the tiger's plight, and an appeal by the Dalai 
Lama in 2006 for Tibetans to stop wearing the 
fashionable tiger-skin chubas, demand fell dra- 
matically. Tiger skins were burned and it became 
socially unacceptable to wear or sell them, 


IB Horns recovered through law enforcement 


and demand in Tibet has all but disappeared’. 

The truth is that simply prohibiting trade or 
the use of animal parts doesn't stop the poach- 
ing. “After the ban, demand still didn’t disap- 
pear completely,’ says Shen. Even changing the 
traditional medicine formulae has minimal 
impact. “Most practitioners would not use these 
substances,” Shen says. But people don't always 
go through a practitioner. “For TCM you don’t 
need a prescription — you can buy any Chinese 
medicine over the counter” 

Demand reduction will take time. “Cultural 
and historical beliefs play a big role,” says Shen, 
and with traditional medicine, attitudes and 
beliefs run deep. Providing sustainable and 
effective substitutes for tiger bone and rhino 
horn is one thing, but getting people to use them 
and believe in them is another. Indeed, one of 
the findings of Traffic International's survey in 
Vietnam was that there is a powerful underlying 
belief that medicines made of wild animals are of 
a higher quality than those using farmed animals 
or synthetic substitutes. In essence, getting users 
of traditional Asian medicines to change their 
ways is as much about changing tradition as it is 
about advancing medicine. = 


Duncan Graham-Rowe is a freelance science 
writer based in Brighton, UK. 
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